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3. Chapter Three: Field trials 

3.1. Introduction 

 

3.1.1. Sedimentation of Spawning Gravels 

 

Globally, humans utilise more than fifty percent of accessible freshwater, approximately 

70% of which is used for agriculture (Vitousek et al., 1997). According to Walling and 

Amos (1999) this management of land adjacent to aquatic environments can increase the 

loading of fine sediments, such as sand, silt and clay, to freshwater systems. It appears that 

a majority of this increased sediment loading found in UK chalk streams originates from 

agricultural practices, creating run-off of surface soils into waterways (Walling and Amos, 

1999). This is supported by Greig et al. (2005) who stated that fine sediment run-off from 

catchment surfaces are associated with changes in agricultural practice towards larger areas 

of arable cultivation. Siltation of spawning gravels as a result of increased sediment 

delivery from agricultural land is believed to be a major reason for declines of native 

salmonid stocks in UK chalk streams (Acornley and Sear, 1993). 

 

A reduction in spawning activity in salmonids has been linked to the presence of fine 

sediments in spawning gravels (Saunders and Smith, 1965). Sediment is defined as 

fragmental mineral material transported or deposited by water or air, and is believed to be 

the principal non-point pollutant from forestry and other land use activities (Argent and 

Flebbe, 1999). Different authors have classified fines by various size classes. To account 

for all fine sediment, all classes below 0.85mm diameter were included by Argent and 

Flebbe (1999). However, Malcom et al. (2003a) and Soulsby et al. (2001b) define fine 

sediments as particles with diameters of being less than 2mm. Peterson and Quinn (1996a) 

classed fine sediment as less than 4mm for their research. Fishery biologists and 

sedimentologists assign different ranges of grain size to their definitions of fine sediment 

for different studies (Lisle and Eads, 1992). Wentworth (1922) classified sediment of 

particle size less than 2mm as sand, and sediment of particle size less than 63µm as silt, 

with the fraction less than 3.9µm as clay. The high content of fine sediments in gravels is a 

major constraint on salmon production in lowland streams (Acornley and Sear, 1993). In 

addition to this, Heyward and Walling (2007) suggested that the accumulation of sediment 
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on and within redd gravels can have lethal and sub-lethal effects on salmonid eggs and sac 

fry that incubate within the gravel voids. Chapman (1988) found that when sediment 

particles < 2mm in diameter exceed 15 % of the total sediment mass then salmonid embryo 

survival can be negatively affected. Lapointe (2004) found that in sediments with a 15% 

fine particle (or fines) loading, mean survival rate of Atlantic salmon (Salmo salar) eggs 

decreased from 60% to 20%. Table 3.1 represents the general classification of sediment 

particle sizes (Wentworth, 1922) and it shows that gravel is defined by sediment with a 

diameter of 2mm or greater, sand is defined as particles as 63µm or greater and silt is 

described as particles with a diameter less than 63µm. For the purpose of this study, fines 

is used to describe the sediment particle size of less than 63um using the standardised 

Wentworth (1922) classification and so encompasses the silt and clay fraction of the 

substrate. 

 

Table 3.1. Sediment Particle Size Classification (Wentworth, 1922). 

 

 

Slight changes in fine sediment concentration appear to produce large changes in embryo 

mortality (Peterson and Quinn, 1996a). A study demonstrated that survival to emergence 

was most favourable in the control incubators, but even with the addition of only 10% fines 

there was a marked decrease in survival (O’Connor and Andrew, 1998). Peterson and 

Metcalfe (1981) observed similar findings with greater than 8% fine sand (0.06-0.5mm) 
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reducing emergence of Atlantic salmon. A study on Rainbow trout (Oncorhynchus mykiss) 

showed that survival decreased progressively with decreasing size of gravel and that the 

wet weight and standard length of emergent fry also decreased with decreasing gravel size 

(Witzel and MacCrimmon, 1981). The proportion of material, which is finer than 2mm, in 

streambeds showed little consistent variation with depth (Lisle, 1989). A study on 

Steelhead (Oncorhynchus mykiss) and Chinook salmon (Oncorhynchus tshawytscha) 

showed that as the percentage of fine sediment increased for a constant percentage of 

coarse sediment, egg survival progressively declined. Results indicated that sediment less 

than 0.84mm in diameter was the most detrimental to incubating eggs and to the quality of 

resulting fry (Reiser and White, 1988). It has also been suggested that spawning will be 

avoided in substrates with too high a proportion of fine sediment, which would inhibit the 

supply of oxygen to embryos (Soulsby et al., 2001b).     

 

Beschta and Jackson (1979) found that coarser particles impeded emerging fry due to the 

fact that they are thought to form a seal in the upper gravel layers. The effects of the silt 

fraction (i.e. particles <63 µm in diameter) on early life stages of salmonids in spawning 

gravels has been highlighted as being particularly important in determining the quality of 

salmonid spawning gravels (Acornley and Sear, 1999; Julien and Bergeron, 2006). Most 

commonly, sand is deposited near the surface of heterogeneous gravel bed and silt and clay 

pass through the deeper layers. Results showed that sand and fine gravel completely filled 

interstices from the top layer of gravel as far down as a few centimetres (Lisle, 1989).   

 

3.1.2. Groundwater Influences 

 

Groundwater is essentially water that has seeped down from the surface and accumulated 

underground, moving slowly to feed lakes, rivers or seas. It is present in the pore spaces of 

almost all rock and sediment. Rocks and sediments that store and transmit groundwater in 

usable amounts are called aquifers (Oldershaw, 2002). The groundwater and the surface 

water are distinct. The groundwater loses its oxygen to humus, whereas the surface is 

continuously aerated. Also, the surface stream flows much faster than the groundwater, 

which just seeps through the gravel. The supply of oxygen to a redd depends on its 

concentration in the groundwater and on the rate at which this water flows through the 

gravel (Pollard, 1955). 
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Research on brown trout redds has indicated that the major effect of groundwater was on 

redd temperature. The temperature of redds with substantial groundwater inflow was more 

stable and generally higher during winter, unlike that of the temperature of the redds with 

no groundwater inflow, which fluctuated with that of the surface water (Hansen, 1975). 

Consequently an influence on temperature would also affect the hatching date of the trout 

fry. It was shown that groundwater commonly contained dissolved oxygen, but always less 

than surface water (Hansen, 1975). As groundwater already contains little dissolved 

oxygen it could be potentially detrimental with low gravel permeability (Hansen, 1975). 

Upwelling groundwater provides many benefits to spawning and incubating Sockeye 

salmon. However it often has low levels of dissolved oxygen (Lorenz and Eiler, 1989).          

 

Chalk streams are predominantly groundwater-fed and have very different hydrological 

and sedimentological characteristics to most other river types in which salmonids spawn 

(Acornley, 1999). A study indicated that for brown trout eggs buried in chalk stream 

spawning beds, dates of both egg hatching and alevin emergence were earlier than 

predicted from stream water temperature (Acornley, 1999). 

 

Groundwater measurements can also be used to identify the ecological significance of the 

groundwater-surface water interactions within the subsurface (hyporheic) zone of rivers 

and streams (Geist et al., 1998). Inputs of a range of pesticides and other organic toxins 

have been frequently reported to enter groundwater systems (Segerson, 1990; Mueller et 

al., 1991; Pitt et al., 1994; Pitt et al., 1999; Mackay et al., 2001). Both rural and urban 

practices have resulted in the contamination of groundwater (Segerson, 1990; Mueller et 

al., 1991; Pitt et al., 1994). According to Pitt et al. (1994) with sources such as municipal 

and homeowner use (i.e. the use of head lice treatments) and regular infiltration of 

groundwater sources by pesticides as a result of agricultural practices (Sergerson, 1990). 

PAHs, from the production of coal tar, have also been found to be major contaminants of 

groundwater (Mueller et al., 1991; Mackay et al., 2001). Water entering waterways from 

contaminated groundwater could potentially impact aquatic organisms, including salmonid 

fishes. 
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3.1.3. The Hyporheic Zone 

 

In stream ecosystems, surface and ground waters mix within the hyporheic zone (Battin et 

al., 2003). The hyporheic zone (Figure 3.1) could be defined as the porous areas of the 

streambed and stream bank in which stream water mixes with shallow ground water 

(Runkel et al., 2003).  

  

Figure 3.1. Hyporheic Zone (adapted from www.nap.edu/openbook.php?record_i.d) 

 

The transition between groundwater and streams was first recognised as a distinct zone by 

Orghidan (1959), who termed this the ‘hyporheic biotope’. The hyporheic zone, as the 

connecting ecotone, shows diverse gradients (Brunke and Gonser, 1997). It is a mixing 

zone in which there are gradients in the concentration of dissolved gases, pH and 

temperature (Runkel et al., 2003). The hyporheic interstices are functionally a part of the 

fluvial and groundwater. The floodplain, hyporheic zone and riverine aquifer as 

interconnected components of the fluvial system play a decisive role in the transfer of 

nitrogen in and between landscapes (Brunke and Gonser, 1997). 

 

Hyporheic water quality affects salmonid egg survival and under some circumstances may 

limit juvenile recruitment. Many salmonid streams, or potential salmonid streams, have 

been affected by channel modification for agricultural and other purposes (Malcom et al., 

2003b). Research has indicated that hyporheic water quality can affect salmonid embryo 



Organic Contaminants in Salmonid Spawning Grounds 3 
 

39 
 

survival and development in the degraded agricultural stream studied (Malcom et al., 

2003a). Dependent on the season, floods involving bed load movement may release stored 

organic matter from the hyporheic zone (Brunke and Gonser, 1997).  

 

The existence of dissolved oxygen in the hyporheic zone is evidence for a significant 

exchange between stream and subterranean water, since photosynthesis is impossible in the 

interstices and the diffusion rates are low (Brunke and Gonser, 1997). In general, the 

oxygen content declines with increasing depth (Brunke and Gonser, 1997). This 

corresponds with more recent observations that, in general, sediment permeability and 

vertical hydraulic gradient decreased with streambed depth (Battin et al., 2003). The 

hyporheic zone offers its inhabitants protection against high discharge, desiccation and 

extreme temperatures and provides predictable conditions for the development of fish 

embryos (Brunke and Gonser, 1997). 

 

3.1.4. Physico-Chemical Properties 

 

Streambed composition varies greatly among sites depending on the water current, on the 

location inside the stream and on the origin of the substratum (Rubin and Glumsäter, 

1996). A study on Steelhead and Chinook salmon showed that percentage egg survival was 

positively related to intra gravel water velocity (Reiser and White, 1988). Water 

temperature has a direct effect on the survival of salmonid eggs (Crisp, 1996). Water 

temperatures influence both the solubility of oxygen and the oxygen demand by the 

developing embryos and therefore likely to have an important effect on salmonid survival 

(Acornley, 1999). Crisp (1993) found that temperature has a considerable influence upon 

the number of eggs surviving to hatch. More than 95% of Salmo trutta eggs survived at 

temperatures between 0-10ºC, less than 50% survived at temperatures greater than 12ºC 

and none survived above 15.5ºC. During winter, mean intra-gravel water temperatures in 

the spawning beds were higher than stream water temperatures and it increased with depth 

in the bed (Acornley, 1999). Speed at which eggs and alevins develop is mainly controlled 

by temperature, though other factors such as low oxygen and mechanical shock can also 

have an influence (Crisp, 1993). Evidence has shown that the growth rate is influenced by 

temperature and it was found that salmon growth is negligible below 7ºC and the optimum 

range is 16-17ºC (Crisp, 1993). Research on Atlantic salmon eggs obtained results that 
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indicate that the optimum temperature from hatching to swim-up varies according to the 

temperature experienced during egg incubation (Gunnes, 1979). Another study suggested 

that for constant post-hatching temperature, larger size at hatching leads to larger size at 

swim-up (Peterson et al., 1977). It was also shown that temperature extremes could reduce 

or inhibit upstream movement (Crisp, 1996).  

 

It was found that pH tolerance differs between salmonid species (Johansson et al., 1977). 

However, salmonid eggs do not survive to hatch when pH is below 4.5 or above 9.0. At pH 

below 4.5 the enzyme (chorionase), which weakens the eggshell, fails to work and 

hatching is not possible (Crisps, 1993). However the River Avon and its tributaries are 

considered chalk streams (EA, 2005) and should therefore maintain a constant pH, which 

is slightly alkaline. So fluctuations in pH should not be a problem during this study.  

 

Fine sediments can infiltrate redds and the presence of excessive fine sediments can impact 

heavily on the incubation of salmonid embryos (Kemp et al., 2011). Crisp (1993) noted 

that fine particles in salmonid redds have an indirect effect by obstructing the spaces within 

the gravel and thus impeding oxygen flow and the emergence of alevins at the time of 

swim-up.  Oxygen depletion and the reduction in the removal of metabolic waste have also 

been noted (Chapman, 1988; Crisp, 1996; Greig et al., 2005). Dissolved oxygen 

concentration is a critical factor for the growth and development of salmonid embryos 

incubating within eggs buried in the streambed (Chapman, 1988). Dissolved oxygen 

concentrations of >5 mg/l in redds are thought to be critical for successful development of 

salmonid embryos (Davis, 1975). Ingendhal (2001) found that the fry of S. trutta emerged 

only from those redds where the mean dissolved oxygen level was >6·9 mg l-1. The study 

looked at Salmo trutta spawning sites on the River Rhine and found no significant 

relationships between the sediment parameters and the mean dissolved oxygen 

concentration. However, a mean dissolved oxygen concentration of c.7mg l-1 was 

suggested as the critical limit for egg to fry survival in sea trout. This is lower than a 

previous study for sea trout (Rubin and Glimsäter, 1996) which determined a critical level 

of 10mg l-1. However the latter study used artificial incubation boxes which may impede 

the flow of water and oxygen to the incubating eggs, thus requiring a greater oxygen 

demand for survival. However, Meyer (2003) found that variables such as dissolved 

oxygen may have no relationship with egg survival in some streams.  
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Einum et al. (2002) demonstrated that brown trout egg size and water levels of dissolved 

oxygen interact to influence egg survival. The study found that at high oxygen levels (close 

to 100% saturation), no differences in survival rates were observed between small and 

large eggs. However, under temporary exposure to reduced oxygen (18% saturation), small 

eggs had significantly lower survival rates than large eggs. 

 

Dissolved oxygen levels vary considerably in natural streams (McNeil, 1962) and within 

salmonid spawning gravels (Turnpenny and Williams, 1980). Peterson and Quinn (1996b) 

found that dissolved oxygen in the egg pocket did not differ in saturation during the time of 

egg deposition. The relationship established between intragravel dissolved oxygen 

concentrations, apparent velocity, gravel permeability, rate of dissolved oxygen supply and 

embryo growth and survival showed that oxygen deprivation was responsible for high 

mortalities during incubation and the production of undersized fry (Turnpenny and 

Williams, 1980). High concentrations of sand result in alevins emerging at a premature 

stage and intermediate concentrations result in extended emergence periods. Both 

premature emergence and extended emergence are expected to reduce alevin survival 

(Olsson and Persson, 1988).     

 

3.1.5. Contaminants 

 

A large amount of diffuse pollution arises from land use activities. Such pollutants can be 

persistent, resulting in long term damage (EA, 2007). A major source of diffuse pollution 

is agriculture. Diffuse pollution from agricultural sources includes herbicides, pesticides, 

organic and inorganic fertilisers (Wheeldon, 2003). As well as diffuse pollution from 

agricultural sources, urban runoff is another method of contaminant entry into the water 

course. In the UK pesticides are mainly used in association with agriculture and 

horticulture and include herbicides, insecticides and fungicides. They are used to control 

weeds and pests and they are another major pollutant of river systems. Physical, chemical 

and biological processes transform most pesticides applied in agriculture into one or more 

transformation product. Due to their application, these compounds are introduced into the 

environment and may distribute into ground water, surface water and sediment. The 

triazine pesticide group includes a number of widely used herbicides. Triazines (TRIs) 

have a high solubility in water and are quite stable in soils (Lentza-Rizos, 1996). 
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Polycyclic Aromatic Hydrocarbons (PAHs) exist as components of crude oil, arising from 

the chemical conversion of natural molecules such as steroids, coal, asphalt, creosote and 

roofing tar (Lyons, 1997) and organochloride pesticides (OCPs) are also man-made 

chemicals (Scorecard, 2005). 

 

The delivery of fine sediment from agricultural sources can also deliver sediment-bound 

nutrients such as phosphates as well as pesticides and herbicides. The potential 

consequenences and toxicity of sediment-bound pesticides, and other organic compounds, 

on the early life stages of salmonids is very poorly understood (Friberg et al., 2003). 

Streams within an agricultural catchment can be susceptible to unpredictable inputs of 

pesticides in both the aqueous and particle-bound phases due to rainfall. The EA have 

shown that almost half the land in chalk stream catchments is arable (Figure 3.2).  

 

Figure 3.2. Land use adjacent to UK chalk streams (Adapted from Environment 

Agency Land Use Report Data, 2007). 
 

Lopes et al. (2007) and Schriever et al. (2007) concluded that after application, this field 

runoff represented one of the most important routes for entry of pesticides to small 

streams. If sediment samples are collected following high rainfall events, then sediments 

deposited during peak agricultural spraying periods may have been flushed away, thus 

reducing the streambed sediment concentrations (Friberg et al., 2003). After field runoff, 

the distribution of the pesticides between the particle and water phases depends on the 

physico-chemical properties of the pesticide and the soil characteristics, such as the soil 

organic partition coefficient (KOC). Field studies have shown that pesticides with logKOC 

values of more than two are partly transported on suspended particles. Pesticides with a 
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logKOC of more than five are primarily transported on suspended particles (Inoue et al., 

2002; Liu et al., 2004). Together with the runoff water, suspended soil particles can be 

introduced to streams with the runoff water. Ghadiri and Rose (1991) found that this soil 

fraction, mobilised by rain, contains a major part of absorbed pesticides. Moreover, Rae et 

al. (1998) found that sediments showed an affinity for the metabolites and the parent 

compounds of triazines (atrazine and simazine) and were shown to completely adsorb to 

sediments.  

 

Knezovich and Harrison (1988) found the chemicals present in the interstitial water were 

accurate predictors of bioaccumulation. Bioaccumulation studies with benthic animals 

(Knezovich and Harrison, 1988) with sediment-bound organic chemicals have identified 

three potential pathways of chemical transfer (1) pore water, (2) ingested sediment, and (3) 

direct contact with sediment particles. Pore-water enrichment and ingestion of sediment 

could account for much of the effects of sediment-bound organic contaminants on benthic 

animals. A review by Reynoldson (1987) demonstrated the potential toxicity of sediments 

contaminants, whereby polychaete worms (Capitella capitata) displayed higher initial 

mortalities, impaired reproduction and reduction in growth following exposure. 

Chlorinated aromatic compounds, such as DDT, are known to be environmentally 

persistent and highly lipophilic resulting in accumulation in sediments (Knezovich and 

Harrison, 1988). This accumulation of compounds could become a chronic source of 

contamination to biota. Sediments have been shown to be a potential secondary source of 

aquatic contaminantion, as well as contamination for floodplain soils and other flooded 

areas (Hilscherova et al., 2007).  

 

Brack et al. (2007) reviewed toxicants in European river basins and suggested that 

genotoxic and mutagenic compounds, which are listed as main pollutants by the Water 

Framework Directive (WFD) should be identified, monitored and reduced in European 

surface waters. PAH compounds are found to be mainly associated with suspended solids 

(Umlauf and Bierl, 1987) and some PAHs have been found to be important mutagens in 

sediment (Marvin et al., 1995). 

 

The Environment Agency (EA) has been monitoring several river habitats for waterbourne 

pesticide concentrations and the data shown in Tables 3.2, 3.3 and 3.4 represent their 
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findings from 1997 to 2001. The sites which are represented by the EA mainly correlate 

with the field sites chosen for this research. The site on the River Wylye at South Newton 

is North West of Salisbury and 4km from the sites on the River Wylye used in this current 

study.  

 

Pesticide data for the site on the River Avon are shown in Table 3.2. Trends which can be 

observed from the data are that generally, levels of triazines at Stratford Sub-Castle on the 

River Avon have remained fairly consistant over the four year monitoring campaign. 

Although it does appear that the concentrations may have reduced in the last year recorded 

(2001). The triazine which was found at the highest concentration (approximately 100ng l-

1) was Desisopropylatrzine (DIA), which is a metabolite of the parent compound atrazine. 

Low levels of some acid herbicides were detected in the River Avon, not exceeding 0.07ng 

l-1, and little variation is seen over the time period of analysis. Although concentrations of 

the acid herbicide, prometryn, were detected at greater levels it seemingly displays a 

decline in the final year of monitoring.  

 

Table 3.2. Pesticide data in ng l
-1 

for the River Avon at Stratford Sub-Castle, data 

represents mean±SEM (Raw data courtesy of EA). n=8-13. 

 
Compound 1997 1998 1999 2000 2001 

Atrazine 34.63±2.78 37.44±6.37 41.92±7.59 34.75±2.57 26.78±6.69 

Simazine 38.99±6.95 30.98±0.47 43.70±11.40 31.26±0.51 10.28±3.79 

DEA 22.31±2.55 35.10±0.53 35.02±0.46 35.46±0.58 31.14±2.07 

Propazine 17.21±0.14 17.56±0.27 17.52±0.23 17.73±0.29 5.52±2.18 

DIA 93.18±0.80 95.02±1.46 94.75±1.25 95.95±1.59 50.50±13.20 

Cyanazine 45.00±16.60 30.97±2.01 29.45±0.67 34.55±5.48 10.99±3.22 

MCPA 0.05±0.00 0.06±0.01 0.05±0.01 0.04±0.00 0.04±0.00 

Mecoprop 0.05±0.00 0.06±0.00 0.05±0.00 0.04±0.00 0.04±0.00 

Prometryn 13.20±1.31 18.29±0.20 18.29±0.21 18.79±0.25 6.53±1.43 

MCPB 0.05±0.00 0.05±0.00 0.05±0.00 0.07±0.01 0.06±0.00 

 

 
Pesticide data for the site on the River Nadder are shown in Table 3.3. Trends which can 

be seen from the data are that overall levels of triazines at Wilton on the River Nadder 

have remained fairly constant over the four year monitoring campaign. However, it does 

appear that the concentrations may have reduced in the last year recorded (2001). The 

triazine which was found at the highest concentration (approximately 100ng l-1 and greater) 

is DIA, which corroborates with the data from the River Avon. Generally low levels of 

some acid herbicides were detected in the River Nadder, not exceeding 0.1ng l-1, with a 
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clear spike during the 1998 sample of 4.5ng/l. This dramatic increase in concentrations 

may have been a result of a storm event (Huber, 1993). Although concentrations of the 

acid herbicide, prometryn, were detected at greater levels in the River Nadder, it appears 

that there was a decrease in detected levels in the final year of monitoring. This same trend 

was observed for the River Avon. 

 

 

Table 3.3. Pesticide data in ng l
-1 

for the River Nadder at Wilton, data represents 

mean±SEM (Raw data courtesy of EA). n=8-27. 
 

Compound 1997 1998 1999 2000 2001 

Atrazine 54.76±5.59 41.30±7.30 30.19±0.19 31.49±0.58 14.71±3.61 

Simazine 50.25±4.25 31.24±0.51 30.19±0.19 46.20±14.60 10.91±4.11 

DEA 32.09±2.47 35.41±0.58 34.22±0.22 35.70±0.66 32.18±4.94 

Propazine 28.48±2.41 17.70±0.29 17.10±0.29 17.85±0.33 3.90±1.87 

DIA 151.80±12.70 95.74±1.53 92.54±0.54 96.55±1.77 30.23±8.88 

Cyanazine 46.21±3.88 29.16±0.47 28.16±0.16 29.41±0.55 8.81±2.74 

MCPA 0.06±0.00 4.49±0.44 0.05±0.00 0.25±0.19 0.04±0.00 

Mecoprop 0.05±0.00 4.49±0.44 0.05±0.00 0.10±0.06 0.04±0.00 

Prometryn 13.17±1.48 19.10±0.39 18.31±0.17 18.68±0.21 6.68±1.62 

MCPB 0.05±0.00 4.49±0.44 0.05±0.00 0.06±0.00 0.06±0.00 

 

 

 

Pesticide data for the site on the River Wylye are shown in Table 3.4. Patterns which can 

be seen from the data are that generally, levels of triazines on the River Wylye have varied 

little over the four year monitoring campaign. However, it does appear that the 

concentrations may have reduced in the last year recorded (2001). The triazine which was 

found at the highest concentration (approximately 100ng l-1) was DIA, which corroborates 

with the data from the River Avon and River Nadder. Generally low levels of some acid 

herbicides were detected in the River Wylye, not exceeding 4ng l-1, with the exception of 

prometryn which was detected at a much greater level. However, again with the exception 

of prometryn, all other acid herbicides were only detected during 1998. 
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Table 3.4. Pesticide data in ng l
-1 

for the River Wylye at South Newton, data 

represents mean±SEM (Raw data courtesy of EA). n=5-12. 

 
Compound 1997 1998 1999 2000 2001 

Atrazine 30.24±0.24 30.18±0.18 30.62±0.34 30.77±0.34 14.03±3.58 

Simazine 30.24±0.24 30.18±0.18 30.62±0.34 30.77±0.38 14.23±5.24 

DEA 22.13±3.32 32.20±0.20 34.70±0.39 34.88±0.39 26.00±2.50 

Propazine 17.14±0.14 17.10±0.10 17.36±0.20 17.44±0.19 4.62±2.48 

DIA 92.74±0.74 92.55±0.55 93.89±1.04 94.35±1.03 33.17±11.79 

Cyanazine 28.23±0.23 28.17±0.17 28.58±0.32 28.73±0.32 10.00±3.60 

MCPA 0.05±0.00 4.05±0.00 0.05±0.00 0.04±0.00 0.04±0.00 

Mecoprop 0.05±0.00 4.05±0.00 0.05±0.00 0.04±0.00 0.05±0.00 

Prometryn 13.23±1.59 18.17±0.17 18.49±0.21 18.19±0.19 5.48±0.26 

MCPB 0.05±0.00 4.05±0.00 0.05±0.00 0.06±0.00 0.06±0.00 

 

This historic data supplied by the EA may allow a helpful insight into the expected values 

which may be detected during the field trials of this current study, as well as indicating 

whether there are any apparent trends. 

 

3.1.6. Organic Content of Sediment 

 

Knezovich and Harrison (1988) suggested that sediment characteristics have a profound 

effect on the bioavailability of sediment-sorbed chemicals in aquatic ecosytems. The study 

on midge larvae (chironomus spp.) demonstrated that there was greater release of bound 

compounds from sediments of low organic content, compared to sediments of high organic 

content. The adsorption capacity of sediments is shown to be influenced by the mass of 

organic content (Umlauf and Bierl, 1987). Pittinger et al. (1989) showed absorption of 

surfactant contaminants to sediments effectively reduced the availability of the 

contaminants to benthic organisms (Chironomus riparius). Organic content varies with 

sediment type and increases as sediment becomes finer. Solids retained by the 0.074mm 

sieve had an average organic content of 3.9%, whereas the average organic content of 

solids passing through a 0.074mm sieve was 12.4% (McNeil and Ahnell, 1964). Most trace 

organics are associated with the organic fraction of the sediment since they partition into 

the lipids and waxes on the sediment surface (Naden et al., 2003). An arbitrary value of 

63µm is usually chosen to determine the organic fraction of the sediment, as a larger 

proportion of the total organic carbon is normally associated with finer particles (Naden et 

al., 2003). It has been shown that the percentage of organics deposited decreased during 

freshets and increased during low flows (Carling and McCahon, 1987). Several studies 

(Evans et al., 1990; Haigh, 1996) have referred to the role of the organic matter in 
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streambed sediments in controlling sorption processes. The effect of organic matter on 

sorption is so strong that where the organic content of sediment exceeds 1% by weight, the 

contribution of mineral surfaces to the total sorption in the sediment is negligible (Younger 

et al., 1993). A study on the distribution of pesticides found that with increasing content of 

pore water dissolved organic carbon, the fraction of bound pesticides increases, paralleled 

by an increase in total concentration of pesticides (Gao et al., 1997). The research 

indicated that dissolved organic carbon adsorbs pesticides, resulting in a considerable 

concentration in pore water (Gao et al., 1997). Carbonaceous adsorbants have been 

proposed as media for ameliorating the toxicities of sediments that have been contaminated 

with organic pollutants (Lebo et al., 2003).   

 

3.1.7. Methodology 

 

Lotspeich and Everest (1981) developed a new method to interpreting the gravel quality of 

salmonid spawning gravels called the Fredle Index. The calculation is essentially the ratio 

of the geometric mean (dg) and the sorting coefficient; a parameter directly proportional to 

pore size (Shirazi and Seim, 1979) and a parameter of the distribution of grain sizes in 

gravels (Krumbein and Pettijohn, 1938) respectively. Sorting refers to the degree to which 

fluvial processes have collected similarly sized particles together (Kondolf, 2000) and is 

commonly known as the sorting coefficient and increases with dispersion. Well sorted 

gravel, consisting of only one grain size, would have a sorting coefficient of one. Therefore 

a sample consisting of a sorting coefficient greater than one indicates a greater variation in 

particle sizes suggesting that interstitial spaces of the larger particles may be filled with 

smaller particles (Lotspeich and Everest, 1981), thus reducing permeability (McNeil and 

Ahnell, 1964; Everest et al., 1987). The geometric mean of substrate has been shown to 

account for the greatest proportion of the variation in survival to emergence of Salmo trutta 

(Young et al., 1990a). However, the Fredle Index has also been shown to demonstrate 

variation in gravel (Young et al., 1990b) and is a preferred method (Chapman, 1988) as it 

is considered more sensitive to changes in composition of substrate (Lotspeich and 

Everest, 1981). 

 

The size of gravel present in the spawning habitat can change seasonally and even 

annually, so observed gravel sizes need to be assessed critically and carefully in relation to 
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the success of salmonid survival. However, interstitial fines can increase in salmonid 

spawning gravels during the incubation period as a result of infiltration into the redd 

(Carling and McCahon, 1987; Sear, 1993) or by scour and fill (Lisle, 1989). Petts et al. 

(1989) looked at fine sediment pollution in river gravel beds and showed that the substrate 

can be severely polluted to depths of at least 30cm and that fine sediment can be 

concentrated within the gravel bed.  

 

Meyer (2003) did not find significant regression relationships between fine sediment and 

coho salmon survival and it was suggested that fine sediment measured in the entire gravel 

column of the egg pocket was not a good indication of egg survival. Alternatively it was 

suggested that abundant fine sediment in just the lower egg pocket, directly surrounding 

the incubating eggs, may be a strong variable in predicting survival success (Meyer, 2003). 

Moreover, Chapman (1988) suggested that the fines present in the overlaying gravel (in the 

upper egg pocket) may even form a protective layer to incubating eggs, rather than being 

detrimental to survival. Moreover, Young et al. (1990a) found the percentage of fines was 

the poorest predictor of survival to emergence of brown trout.  

 

Petts et al. (1989) suggested that standard grab sampling methods underestimate the 

concentration of fines in gravel substrates. Research by Håkanson (1976) involved the 

designing of a new bottom trap with studies on evidence of its effectiveness. The aim was 

to define the rate of sedimentation on the benthos. The characteristic of the trap was that it 

was covered before it was retrieved and an undisturbed sample is thus preserved for 

examination (Håkanson, 1976). 

 

The percentage of fines in gravel beds varies greatly with time (Adams and Beschta, 1980), 

therefore the times at which samples are obtained are of great importance if percent fines, 

or any other gravel composition, is to be used to gauge stream quality. Klamer et al. (1990) 

suggested that for the analysis of organic micropollutants, including PAHs, it is most 

effective when isolating and analysing the particle size fraction of less than 63µm. 

 

Soulsby et al. (2001a) used hyporheic water samplers inserted into the streambed at depths 

of 0.1m and 0.3m. The samplers comprised of 0.3m long plastic tubes of diameter 0.05m 

and perforated by 4mm diameter holes. The water samples were collected from the 
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hyporheic samplers through sealed extraction tubes using a manual pump (Malcom et al., 

2003a). Samples were collected (0.5L in volume) by slowly withdrawing water using a 

vacuum pump from each individual sampler (Soulsby et al., 2001a). Sediment has also 

been sampled to a depth of approximately 0.3m (Soulsby et al., 2001a), which is 

approximately the maximum depth to which salmonids will excavate redds (Crisp and 

Carling, 1989). To estimate infiltration rates of fines into spawning gravels, sediment 

samplers were developed using porous walled baskets filled with graded stream gravel 

(Lisle and Eads, 1991). 

 

Lacroix (1985) took water samples from a depth of 20-25cm in artificial redds as well as 

periodically from within natural salmon redds. These interstitial water samples were 

obtained using a syringe attached to a 1.5cm diameter x 1.0m closed-chamber standpipes 

driven into the substratum.  

 

 

3.1.8. Artificial Redds 

 

 

Artificial redds and incubation boxes that closely represent the natural redds are obviously 

the most desirable, however they must also function well with respect to sampling. 

Lachance et al. (2000) describes incubation boxes of being made of rigid plastic pierced 

with numerous holes on all sides. There were protective layers of Astro-turf® placed on 

the bottom and top with layers of brook trout (Salvelinus fontinalis) eggs in between. The 

boxes were completely submerged, with the top of the box being slightly below the 

riverbed. The freshly fertilised eggs were placed in the incubation boxes after a hardening 

period of 60 minutes and survival was good with mortality rates ranging from 6.3-20% 

(Lachance et al., 2000). Eggs were obtained by stripping and “dry” fertilisation, water-

hardened at the hatcheries for two hours and transported in water of near neutral pH 

maintained at 5-7ºC (Lacroix, 1985). In emergence research a frame enclosure for egg 

incubation has been used, with the eggs placed in Vibert® boxes situated at the bottom of 

the incubation area and then covered with gravel (Einum, 2000). The Vibert® boxes are 

plastic, coarse mesh incubation boxes which are filled with 10cm gravel. An equal number 

of Atlantic salmon eyed eggs were placed in each of the Vibert® boxes and survival was 
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good with mortality rates of 8.8% and 2.9% (Einum, 2000). MacKenzie and Moring (1988) 

also found good survival in a study of Salmo salar eggs planted in Whitlock-Vibert boxes 

when used in a natural stream. 

 

Brännäs (1989) developed a simulated redd to be used in a laboratory situation to perform 

laboratory trials on salmon and trout emergence. Water flowed through a 12cm deep layer 

of gravel through a perforated tube resting on the bottom of the box (Brännäs, 1989). Fry 

were able to emerge through plastic tubes that perforated the lid. The temperature in the 

incubation box increased according to natural conditions (Brännäs, 1989). However there 

have been some more simple designs of egg boxes, Harris (1973) made egg boxes simply 

and cheaply by sealing together sections of perforated plastic sheeting (Netlon®) with a 

soldering iron. Each egg box was cylindrical in shape, 10cm deep with a diameter of 7.5cm 

and a tight fitting lid. The bottom of the box was lined with fine gravel before a layer of 

coarse gravel was added, then the 200 fertile eggs were introduced. The box was then filled 

almost to the top with mixed gravel before the lid was securely wired to the box (Harris, 

1973). Turnpenny and Williams (1980) used a similar technique. Freshly fertilised, ‘eyed’, 

Rainbow trout eggs were held in cylindrical plastic baskets and placed in river gravels. 

Batches of approximately 200 eggs were placed between coarse and fine gravel, the 

baskets closed and buried in the riverbed (Turnpenny and Williams, 1980).  

 

Lacroix  (1985) planted eggs in excavations approximating natural redds and found that 

conditions in artificial redds used to access the effects of the environment on salmon eggs 

were generally representative of those in natural redds, although conditions in artificial 

redds demonstrated slightly less variability. The eggs were loosely buried in the gravel 

beds using a stovepipe (Lacroix, 1985). The cylindrical egg box did not show any 

significant difference from that of the natural redds. It did not either adversely affect or 

favour survival. Therefore the survival estimations of natural redds can be directly related 

to that of the egg boxes when planted alongside each other (Harris, 1973). As described, 

previous studies have shown that the use of egg boxes in field studies have been a 

successful tool in monitoring survival and they have been shown to closely replicate the 

conditions in natural redds                       
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It is assumed that salmonid eggs may be handled or gently stirred and poured without 

significant mortality during the first few minutes following activation (Jensen and 

Alderdice, 1983). Preliminary experiments with freshly fertilised rainbow trout eggs were 

abandoned because of high mortalities associated with handling. In ‘control’ batches more 

than 93% failed to hatch (Turnpenny and Williams, 1980). Sensitivity to mechanical shock 

is believed to increase rapidly until the eggs reach the water-hardening stage at about 11/2
 

to 3 hours following activation, when they may be transported (Jensen and Alderdice, 

1983). Salmonid eggs are much more sensitive to mechanical shock before eyeing than 

afterwards (Crisp, 1988). Egg mortality was observed in egg samples shocked 1 and 5 

minutes after activation, however shock sensitivity rose rapidly between 5 and 10 minutes 

after activation and continued to increase up until day 14 when a reduction in sensitivity 

was observed until day 20 when eggs remained resistant to shock (Jensen and Alderdice, 

1983). Sea trout eggs used in a study were fertilised naturally in the stream before redds 

were excavated, which is probably the reason for the high (91-100% in most experiments) 

hatching success (Elliott and Hurley, 1998b). A study on steelhead and chinook salmon 

eggs demonstrated that green eggs of both species survived less well than eyed eggs as the 

proportion of coarse sediment increased (Reiser and White, 1988).  

 

The aim of this chapter was to determine the quality of natural spawning gravels, located in 

the River Avon and its tributries, by observing the physico-chemical properties, water 

chemistry, waterborne contaminants and sediment-bound contaminants.  By assessing the 

general quality of spawning gravels and by replicating artificial redds, predictions of intra-

gravel survival may be described. 
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3.2. Material and Methods 
 

3.2.1. Field Sites 

 

The Hampsire Avon catchment is historically known to support both Atlantic salmon and 

brown trout populations (Welton et al., 1999; Mann et al., 1989). The Hampshire Avon 

starts at Pewsey and runs to Christchurch in Dorset and the Avon catchment (Figure 3.3) 

has an area of 1706km2 (Jarvie et al., 2008). The Upper Avon catchment is rural and is 

characterised by rolling chalklands and comprises of the major tributaries; Ebble, Nadder, 

Wylye, Avon, and Bourne: all of which converge close to the city of Salisbury (Jarvie et 

al., 2008). The rivers are largely spring-fed, providing a relatively stable flow throughout 

the year. The Avon catchment is largely dominated by intensive farming and unimproved 

grasslands (Jarvie et al., 2008). 

 

 

Figure 3.3. Location of the Avon catchment in the UK (Environment Agency) 

 

The Rivers Nadder and Wylye also drain in to the River Avon and form part of the Avon 

catchment (Figure 3.4). 
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Figure 3.4. Map of the Rivers Avon, Wylye and Nadder (Environment Agency) 
 

Five field sites located near Wilton and Salisbury, Wiltshire, were selected using redd data 

and with the assistance of the EA (Figure 3.5). Two sites on the River Wylye and two sites 

on the River Nadder were chosen for study along with one site on the River Avon (Figure 

3.6). 
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Figure 3.5. Sites on the Rivers Avon, Wylye and Nadder where Atlantic salmon 

spawning and redds occur (Environment Agency). 

 

 
 

   
Figure 3.6. Map of the Field Sites on the Rivers Wylye, Nadder, and Avon 

(Environment Agency). 
 

The sites were chosen because of historical use for spawning by local salmonids (Welton et 

al., 1999; Mann et al., 1989) and also because they were thought to be fairly secure and 

free from potential vandalism of equipment. Landowner permission was given to access 

the sites.  
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Two sites on the River Wylye (Figure 3.7), two on the river Nadder (Figure 3.8) and one of 

the River Avon (Figure 3.9) at Stratford Sub-Castle were used for the trials. At each of 

these sites, artificial redds were created by manual excavation of the river bed and situated 

in close proximity of natural redds. Great care and attention was adopted to ensure there 

was no disturbance to any of the natural redds.  

 

    

Figure 3.7. Both field sites on the River Wylye at Wilton House Estate. 

`   

Figure 3.8. Both field sites on the River Nadder; one at Wilton House Estate; one just 

outside the perimeter of the Wilton House Estate. 
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Figure 3.9. River Avon field site at Stratford Sub-Castle. 

 

The Wylye and Nadder sites were all on the Wilton Estate and the Avon site was located 

just to the north of the city of Salisbury at Stratford Subcastle. Table 3.5 gives the Grid 

References of the sites. 

 

Table 3.5. Location and Grid References of the Field Sites (Refer to map in Figure 

3.14). 
 

Map Number Site Location Grid Reference 

1 Wylye 1 Wilton Estate SU10203130 

2 Wylye 2 Wilton Estate SU10603110 

3 Nadder 1 Wilton Estate SU09603090 

4 Nadder 2 Wilton Estate SU09403100 

5 Avon Stratford Subcastle SU12603260 

 

 

3.2.2. Field Equipment 

 

In each of the five field sites three infiltration baskets were routinely buried in the river bed 

(Figure 3.10) in order to collect sediment. 
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Figure 3.10. Infiltration basket (Height = 30cm, Diameter = 20cm). 

 

The infiltration baskets were adapted from Heywood and Walling (2007) and are similar to 

those deployed by other researchers (Acornley and Sear, 1999; Carling and McCohon, 

1987; Davey et al., 1987; Sear, 1993). The cylindrical baskets were made of galvanised 

steel and measured 30cm in height and 20cm in diameter. The basket was surrounded by a 

PVC bag with a stainless steel insert allowing the outer sleeve to be lowered and raised as 

necessary (Figure 3.11). The base of the bag was constructed from perspex and a perspex 

lid was placed on top of the infiltration basket, to prevent the loss of fines prior to its 

removal from the riverbed (3.12). The cleaned pebbles placed in the infiltration baskets 

were previously removed from the relavant field site, but were of a size which was greater 

than the aperture of the baskets so would remain within the trap. 

 

 

 

 

Figure 3.11. Infiltration basket 

in implantation position. Holes 

were manually excavated in 

the artificial redd to implant 

the basket in the riverbed. 

Cleaned, large gravel was 

placed in the basket, and the 

outer sleeve was lowered 

towards the base of the basket.  
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Intragravel water was sampled using a horizontal sampling pipe adapted from Heywood 

and Walling (2007). The outer casing was constructed from a stainless steel mesh, which 

was designed to prevent an inflow of fines into the sampler (Figures 3.13 and 3.14). The 

hyporheic water sampler consisted of a rigid plastic internal pipe perforated with three 

holes of 0.5cm diameter (Figure 3.15). This inner section was capped at one end and 

conjoined to a vertical pipe which allowed access to the sampler for sampling. As in 

Heywood and Walling (2007) a quick release male and female coupling component (RS-

Components Ltd) was attached to the top of the vertical pipe for easy access when 

sampling.  

 

 

Figure 3.13. Hyporheic water sampler. 

 

 

 

Figure 3.12. Infiltration basket 

in removal position. The outer 

sleeve was pulled up to cover 

the mesh inner section and a 

lid placed on top. This was to 

prevent lose of any infiltration 

water of sediment whilst the 

basket was gently removed 

from the river bed. 



 

 

 

 

 

During the spawning season

were implanted into the riverbed in Netlon

from Harris, 1973). 

 

Figure 3.16. Netlon® egg boxes

 

The egg boxes were sewn individually using fishing line to ensure there was no breakage 

or faults. The Netlon

50cm 

85cm

Organic Contaminants in Salmonid Spawning Ground

Figure 3.14

hyporheic water s

for pumping the water from 

the hyporheic zone. The fitting 

at the top of the sampler 

consisted of a valve to prevent 

surface water entering the 

equipment in case of high flow.

Figure 3.15

inner tubing of the hyporheic 

water sampler. It consist

three holes of 

The outer tubing of the 

sampler protects these holes 

from debris and sediment as it 

was made of a very fine mesh, 

especially whilst the water was 

pumped using the peristaltic 

pump. 

 

 

During the spawning season (November-March), newly fertilised or eyed salmonid eggs 

were implanted into the riverbed in Netlon® egg boxes shown in 

  

. Netlon® egg boxes for implantation into the riverbed

The egg boxes were sewn individually using fishing line to ensure there was no breakage 

or faults. The Netlon® mesh was 2mm diamond mesh which ensured that no hatchlings 

4.6cm 
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Figure 3.14. Schematic of 

hyporheic water sampler used 

pumping the water from 

the hyporheic zone. The fitting 

at the top of the sampler 

consisted of a valve to prevent 

surface water entering the 

equipment in case of high flow. 

Figure 3.15. Schematic of 

inner tubing of the hyporheic 

ampler. It consisted of 

three holes of 0.5cm diameter. 

The outer tubing of the 

sampler protects these holes 

from debris and sediment as it 

was made of a very fine mesh, 

especially whilst the water was 

pumped using the peristaltic 

, newly fertilised or eyed salmonid eggs 

shown in Figure 3.16 (adapted 

 

for implantation into the riverbed. 

The egg boxes were sewn individually using fishing line to ensure there was no breakage 

mesh was 2mm diamond mesh which ensured that no hatchlings 

17cm 
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could escape from the box whilst in the river. The egg boxes contained up to 50 eggs 

which were fertilised just before implantation of the boxes (procedure as in Chapter 2). 

The baskets also contained a small handful of small clean gravel to try to simulate the 

habitat in a natural redd. An egg box implanter was used to ensure that all boxes were 

consistently buried at 20cm below the riverbed surface. The boxes were implanted in a 

logical sequence in close proximity to each other to aid location when they were ready to 

be removed.  A luminous orange or yellow cord was also used to identify the boxes in the 

river when they were due to be removed. A fishing float was attached to one of the egg box 

cords to assist with the initial identification of their location. This piece of brightly 

coloured cord was threaded from the bottom of the egg box, through the centre and then 

through the lid and secured with a knot at either end. It was necessary to attach the cord in 

such a way to prevent just the lids being removed when the boxes were pulled out of the 

riverbed. 

 

3.2.3. Placement in the Sites 

 

Artificial redds were excavated at each field site prior to each spawning season. Care was 

taken to create the artificial redds in close proximity to natural redds. The position of each 

piece of field equipment (Figure 3.17) was crucial to the success of the trial. It was 

paramount that the hyporheic sampler and infiltration basket were buried at the appropriate 

depth of 0.3m, representing the maximum excavation depth of salmonids (Crisp and 

Carling, 1989; Soulsby et al., 2001a). 

 

 

 

 

 

 

 

 

 

   HS 



 

 

       

 

Figure 3.17. Schematic of c

(EB), hyporheic sampler (HS) and infiltration basket (IB)
 

During the spawning season, eyed or newly fertilised, salmonid eggs were implanted into 

the riverbed upstream of the hyporheic water sampler and infiltration basket (

This was to ensure no sedime

sediment loading in the infiltration basket. 

 

                                    

 

 

Figure 3.18. Schematic of b

hyporheic sampler (HS) and infiltration basket (IB)
 

Direction of river flow
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Schematic of cross-sectional view of artificial redd

(EB), hyporheic sampler (HS) and infiltration basket (IB). 

spawning season, eyed or newly fertilised, salmonid eggs were implanted into 

the riverbed upstream of the hyporheic water sampler and infiltration basket (

This was to ensure no sedimentation disturbance while implanting the eggs 

sediment loading in the infiltration basket.  

                     

Schematic of birdseye view of artificial redd showing egg boxes (EB), 

hyporheic sampler (HS) and infiltration basket (IB). 

EB 

HS 

EB 

Direction of river flow 
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sectional view of artificial redd showing egg boxes 

spawning season, eyed or newly fertilised, salmonid eggs were implanted into 

the riverbed upstream of the hyporheic water sampler and infiltration basket (Figure 3.20). 

implanting the eggs affected the 

 

showing egg boxes (EB), 

  IB 

 IB 

 IB 

 IB 



Organic Contaminants in Salmonid Spawning Grounds 3 
 

62 
 

The egg implantation tool had a white mark representing the desired depth (0.3m), which 

was clearly visible under the water during use (Figure 3.19). 

 

  

Figure 3.19. Implantation of the egg boxes with the implantation tool. 

 

3.2.4. Sampling 

 

Frequent spot samples of water and physico-chemical measurements were taken from each 

site. Sampling for all sites was performed on the same day to avoid influences from other 

variables such as rainfall. Sediment and water samples were taken once a month over a 

period of a year. 

 

3.2.4.1. Measurements 

 

Water quality measurements including dissolved oxygen (mg/l), conductivity (µs/cm), 

temperature (ºC) and pH were all taken from each site using a portable water analysis 

instrument (WTW Multi 340i, Fisher, UK), as well as the flow of the river (Geopacks, 

FlowMeter 1). Such measurements were taken on each sampling day at the location of the 

artificial redds. Physico-chemical measurements, including nitrate (NO3), nitrite (NO2), 

phosphate (PO4), sulphate (SO4) and total ammonia nitrogen (TAN) were analysed using a 

multi-parameter photometer (Palintest ® Photometer 7000, later replaced with a Palintest® 

photometer 7500) with a sub-sample of 10ml for each test and 20ml for ammonia. For 

protocols please see Chapter 2 and Appendix 1. Data loggers (DataMeter1000, Fisher, UK) 

were used to measure the dissolved oxygen concentrations of both the surface water and 
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water pumped from the hyporheic zone using the hyporheic sampler (Figure 3.20). The 

water was pumped using a battery powered peristaltic pump (Watson Marlow) adapted to 

operate within a robust plastic crate so that it could be easily transported and protected 

from rain and river water (Figure 3.20). 

 

  

Figure 3.20. Logging dissolved oxygen concentrations from pumped hyporheic water 

simultaneously with concentrations from surface water. 
 

Temperature loggers (TinyTag®, UK) were attached to the infiltration baskets during the 

egg incubation season to obtain more frequent water temperature data.  

 

3.2.5. Water Preparation 

 

Frequent spot samples of water were taken from each of the five field sites. Three litres 

from each site were taken for analysis; one for suspended solids, one for acid herbicides 

and one for other contaminant classes including triazines and organochlorine pesticides 

and Polycyclic Aromatic Hydrocarbons (PAHs).  Prior to sampling the reagent bottles 

were rinsed with High Performance Liquid Chromatography (HPLC) grade methanol and 

then HPLC grade water and a silinising agent for pesticides and hydrocarbons and acid 

herbicides respectively. Field samples were placed in a cool box (4-8°C) after collection 

for transportation back to the laboratory which is suggested by previous studies (Kennedy 

et al., 1998; Lyytikainen et al., 2003). On arrival back at the laboratory at the University of 

Portsmouth, water samples were stored at 4°C for 12-14 hours before extraction. 

Standridge and Lesar (1977) showed that water samples could be successfully stored at 

4°C for up to 24 hours prior to prior to processing and Grant and Tingle (2002) 

recommended samples for residue analysis should be extracted within 24-26 hours. 
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3.2.5.1. Suspended Solids 

 

For the suspended solids, a litre of sample water (Figure 3.21) was filtered through a dried, 

pre-weighed 47mm Glass Fibre Cartridge (GFC) filter and left in an oven at 40ºC for two 

weeks. The GFC filter (Figure 3.22) was then reweighed to obtain the suspended solid 

weight per litre.  

 

 

Figure 3.21. Water samples taken from different field sites (Left to Right; River 

Nadder sites and River Wylye sites). 
 

 

 

Figure 3.22. Suspended solid samples from a winter sampling day (Left to Right; 

River Avon site, River Nadder sites and River Wylye Sites).  
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3.2.5.2. Pesticide and Hydrocarbon Sample Preparation 

 

The water samples collected from each field site were filtered through a GFC filter to 

remove any large particulates. All filters were stored at -4ºC for extraction at a later date if 

a problem arose with the Solid Phase Extraction (SPE). SPE was performed on a six 

platform manifold using C18 empore disks (purchased from Varian Inc). The disks were 

then dried and can be stored at -4ºC until required. When ready for analysis, the disks were 

eluted using ethyl acetate 2,2,4-trimethylpentane (50/50 v/v) and then the eluant was 

passed through a Na2SO4 drying column (Varian Inc, UK) and dried under nitrogen on a 

heat block (Grant BT5D) at 37°C. The solvent keeper, n-Nonane, (Fisher, UK) was added 

to the volatile and semi-volatile samples prior to evaporation to prevent loss of the analyte. 

The samples were then reconstituted with 900µl of Hexane and 100µl of internal standard 

and were ready for analysis on the Gas Chromatography Mass Spectrometry (GCMS), 

Agilent 6890 or HP 5890.  

 

3.2.5.3. Acid Herbicide Preparation 

 

For the acid herbicide analysis, the water sample was spiked immediately after collection 

at the field site with a deuterated compound and the pH was reduced to 2 using 1M HCl. It 

was important to accurately obtain a pH of extraction best suited to the pKa of the acid, so 

that it was in its protonated form to react with the extraction resin. The pKa is the acid 

dissociation constant. It was also imperative that the reagent bottle for the acid herbicide 

sample was silanised to prevent the acid herbicide silanol bonding to the glass. It was 

therefore important that all glassware for this analysis was rinsed with a silanising agent 

(Sigma-Aldrich, UK). The method was adapted from Hayes (1996) and involved SPE 

using Lichrolut EN cartridges (VWR). The more alkaline water from the chalk rivers 

required more acid to obtain pH 2. Analysis by GCMS required conversion of the acid 

herbicides to ether derivatives that are less polar and more volatile than the parent 

compound. This was achieved by direct methylation using N-(t-Butyldimethylsilyl)-N-

methyltrifluoroacetamide (MTBSTFA).  
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3.2.6. Sediment Preparation 

 

Sediment samples were taken approximately every three months by removing an 

infiltration basket from each field site. A lid was placed on top of the infiltration basket 

and the outer sleeve lifted to cover the outside of the basket, before it was removed from 

the riverbed. This was to minimise any sample loses from the infiltration basket. The 

baskets were placed in an airtight bucket for transportation. Samples were stored overnight 

at 4ºC in the air tight containers for processing the following day. 

 

The total sediment extract collected from the basket was wet sieved, firstly through a 4mm 

sieve and then a 63µm sieve. This was to minimise the total water content in the sample. 

The oversized gravel which was placed in the basket prior to deployment was removed 

from the sample after thorough washing, with the water collected by the basket, to remove 

any attached fines. The full sample size from the basket was oven dried at 20ºC for up to 

five days. The dry sample was then mechanically macerated to separate the grain sizes. 

The sediment was dry sieved to determine the particle fraction distribution and to identify 

the percentage of fines. The sieve sizes used were 4mm, 2mm, 1mm, 500µm, 250µm, 

125µm, 63µm, 45µm. The total sample size was weighed, before and after, the sieving to 

account for any lose of sediment during the procedure. 

 

3.2.6.1. Sediment Particle Analysis 

 

Percentage sediment particle size was calculated from the data observed from the sieve 

analysis as a total amount of sediment collected in the infiltration baskets over a 3 month 

period. 

 

Geometric mean, which is directly proportional to pore size and permeability (Lotspeich 

and Everest, 1981), was calculated from the processed sediment using the following 

equation; 

 

dg = [d1
w
1 x d2

w
2 ... x dn

w
n]               (Shirazi and Seim, 1979) 
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where;  

  

dg = geometric mean particle size 

d = midpoint diameter of particles retained by a given sieve 

w = decimal fraction by weight of particles retained by a given sieve 

 

Lotspeich and Everest (1981) suggested that dg alone is inadequate to estimate the quality 

of salmonid spawning gravels. In order to quantify the distribution of grain sizes in gravels 

a sorting coefficient (So) was also calculated as follows; 

 

 �� = �����	
��������	��������
����	
��������	��������    (Krumbein and Pettijohn, 1938) 

 

 

However, Shirazi and Seim (1979) chose 16 and 84 percentile intervals to calculate the So; 

 

 �� = �����	
��������	��������
����	
��������	��������   (Shirazi and Seim, 1979) 

 

Both suggestions were used in the sediment analysis. Lotspeich and Everest (1981) 

proposed that the ratio of dg and So would be an appropriate measure of the quality of 

salmonid spawning gravels. This ratio is known as the Fredle Index (FI); 

 

																																												��	 = 	 ����   (Lotspeich and Everest, 1981) 

 

3.2.6.2. Sediment Chemical Analysis 

 

Sediment samples collected from the river were extracted by Soxhlet extraction using 

dichloromethane (DCM). Sediment used for contaminant analysis was frozen following 

collection for 2-4 weeks. Lyytikainen et al. (2003) found sediment samples could be stored 

for up to one month without a significant decrease in pesticide concentrations. A mass of 

10g of sediment (<63µm fraction) was placed in a pre-cleaned cellulose thimble and was 

extracted for up to 24 hours. The sediment was spiked with deuterated compounds prior to 
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the extraction so that recoveries could be monitored to verify the technique. All samples 

were extracted a second time for 4hrs to ensure that all contaminants were removed during 

the first extraction. In between cycles the Soxhlet apparatus was cleaned thoroughly using 

Decon 90® and then a blank run with DCM to ensure no contaminants from the previous 

extraction were still present. All cellulose thimbles were pre-cleaned in a blank run of the 

apparatus using DCM for 5 hours. Once the Soxhlet extraction was complete, it was 

necessary to concentrate the resulting extracts and to exchange the solvent (to hexane) 

using a rotary evaporator. The hexane sample then required a clean up step using florisil 

solid phase extraction (SPE) cartridges, the eluate was then passed through an anhydrous 

Na2SO4 column to remove any unwanted interferences. The resulting eluate was dried 

under nitrogen and reconstituted with 900µl hexane and 100µl of internal standard (D10 

Anthracene). At this stage samples were now ready for Gas Chromatography Mass 

Spectrometry (GCMS) analysis.  

 

All the sediment contaminant analyses were performed on a Hewlett-Packard (HP) 5890 

Series II gas chromatograph and a HP 5989 mass spectrometer. Chromatographic 

resolution was achieved with an HP-5MS 30m x 0.25mm capillary column which had a 

0.25 µm thickness (Agilent) with helium carrier gas.  

 

As the pesticides in the sediment samples were unknowns it was first necessary to perform 

a qualitative method known as a scanning mode (SCAN) for each contaminant class to 

qualify which peaks were present in the river water sample and therefore identify 

compounds. This method scans the whole mass spectrum range. A quantitative method was 

then required. A Selective Ion Monitoring mode (SIM) was created to quantify these 

results, so concentrations of identified compounds could be calculated.  This method was 

programmed just to identify specific ions within a spectrum range. 

 

Prior to analysis of samples, the GCMS system performance and calibration were verified 

for all analytes. The MS was tuned just before the run of a sample set using the system’s 

operating software programme, AUTOTUNE, with perfluorotributylamine (PFTBA). MS 

parameters were adjusted so that masses 69, 219 and 502 and their respective isotopes met 

the target mass-intensity criteria.  
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Hexane was injected prior to running the sediment samples to ensure the system was free 

from contaminants or interfering peaks. Standards; certified reference standards (QMX, 

UK) prepared using hexane, and samples were brought to room temperature before they 

were injected. Sample injections and system maintenance were recorded in the appropriate 

logbooks located by the instrument. 

 

Chemstation software (Agilent) was used to collect the data and for the integration of the 

peaks from the generated mass chromatograms. The software generated quantitative 

reports listing the compounds and the corresponding concentration. With each sample set 

run, relative response factors (RRFs) for each analyte were calculated by the software 

using the calibration standard’s peak areas. The RRFs for all compounds were calculated 

relative to the internal standard (D10 Anthracene). 

 

Any peaks detected could then be confirmed and quantified by comparison to certified 

reference standards. Limits of detection (LOD) and limits of quantification (LOQ) were 

calculated using the results from the certified reference standards and applied to the results. 

 

3.2.6.3. Analysis of Sediment Organic Content  

 

 

The method involved drying the sample at low temperature and then combusting the 

organic content at high temperature. A suitable dish was first weighed (A) and then the 

dish with 10g of sample sediment (B). The sample was placed in a muffle furnace at 550ºC 

for 4 hours. On cooling the sample was placed in a dessicator and then reweighed when 

cold (C). The organic content was then measured using loss on ignition calculations (B-C).  

 

3.2.7. Salmonid Embryos and Alevins 

 

It was necessary to obtain a Section 30 consent (FR1) from Natural England, through the 

Environment Agency, so that it was possible to placed non-native eggs in to the river. The 

source of the eggs and the exact coordinates of the field sites were required to gain 

permission. The eggs were implanted into the riverbed as described in (3.2.2), in replicates 

of two or three. When the baskets were removed from the sites, they were placed in an air-
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tight bucket filled with the river water from where they were removed. The eggs or alevins 

were promptly transported back to the laboratory at the Institute of Marine Sciences, 

Portsmouth. Each replicate basket from each site was analysed for survival rate, and 

morphometric measurements were observed. Diameter (or length in the case of alevins) 

and weight of surviving organisms was recorded and then either frozen at -4°C or fixed in 

NBF (procedures as described in Chapter 2). 

 

3.2.7.1. Field Trial 1 

 

For this first field trial green eggs and milt from Salmo salar were collected from an EA 

Hatchery, Cynrig, Powys, Wales and transported back to each field site on ice. Eggs were 

fertilised (procedure as described in Chapter 2) in small batches of 50 just before 

placement into egg boxes and insertion into the riverbed.  Each egg box contained 50 eggs, 

and each field site had six boxes inserted into the riverbed. At each time of sampling, day 

(d) 50 post fertilisation (PF), d57PF and d78PF, two egg boxes were removed and data 

combined. A control group of green eggs and milt were transported back to University of 

Portsmouth and fertilised. These eggs were kept in aquarium facilities and incubated at 

10°C. This field trial control was set up in an aquarium at the University of Portsmouth 

facilities. This control was to monitor survival of the Salmo salar eggs which were not 

exposed to any environmental conditions. They were incubated at 10°C in two seperate 

trays, 50 eggs in each, and any dead eggs were removed daily. The survival for each tray 

was 96% and 88% respectively. 

 

3.2.7.2. Field Trial 2 

 

Atlantic salmon (Salmo salar) diploid eggs were also used for this trial. However, 

unfortunately it was not possible to use green eggs, so eyed eggs (14dPF) were collected 

from the EA Hatchery, Cynrig, Powys, Wales and transported back to the field sites on ice. 

Eyed eggs were placed into the egg boxes and inserted into the riverbed. Each egg box 

contained 50 eggs, and each field site had six boxes inserted into the riverbed. At each time 

of sampling, d57PF and d66PF, two egg boxes were removed and the data combined. 
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However on d66PF, it was observed that alevins were present so all remaining egg boxes 

were removed from the riverbed. There was no control for this trial. 

 

3.2.7.3. Field Trial 3 

 

For this trial brown trout (Salmo trutta) green eggs and milt were collected from 

Allenbrook Trout Farm, Brockington, Dorset and transported back to the field sites on ice. 

Eggs were fertilised (procedure as described in Chap.2) in small batches of 30 just before 

placement into egg boxes and insertion into the riverbed.  Each egg box contained 30 eggs, 

and each field site had nine boxes inserted into the riverbed. A control was used for this 

trial at Sparsholt College, Winchester and eggs were maintained at a temperature of 

11.41±0.29°C using borehole fed water. The measured dissolved oxygen was 

9.38±0.091mg l-1 and the survival for each tray was 78.3% and 85.83%. 

 

 

3.2.8. Field Trial Summary 

 

Each field trial involved sediment and water sampling, as well as the implantation of 

salmonid eggs during the natural spawning season. The artificial redds provided a 

representative habitat for the buried eggs (Salmo trutta and Salmo salar). The field trials 

were conducted to assess the in situ intra-gravel survival of salmonids, eggs and alevins.  

 

3.3. Results 

 

 

3.3.1. Physico-Chemical Properties 

 

The overall mean average physico-chemical properties of each river field site are displayed 

in Table 3.6. The results for river flow did show significant differences between sites 

(ANOVA, F=3.76; d.f.=4; P=0.007).  A pairwise comparison showed that the River Avon 

site had a significantly greater river flow compared to the Nadder 1 site. The water 

temperature taken at each site for each season showed no inter-site variation (ANOVA, 

F=0.14; d.f.=4; P=0.965). The pH measurements showed that, as expected from rivers fed 
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by chalk aquifers (EA, 2005), the pH was slightly alkaline. Statistical analysis 

demonstrated that there was no inter-site variation in pH (ANOVA, F=1.18; d.f. =4; 

P=0.321). Conductivity measurements showed significant inter-site variation (ANOVA, 

F=9.33; d.f. =4; P<0.001). A pairwise comparison identified that that the River Avon site 

had a significantly greater conductivity than all the other sites. Measurements of dissolved 

oxygen did not show any significant variation between the sites (ANOVA, F=0.35; d.f. =4; 

P=0.847). 

 

 

Table 3.6. Physico-Chemical Properties represented as Mean±SE; Depth (cm), Flow 

(ms
-1

), Temp (°°°°C), Conductivity (µs/cm) and Dissolved O2 (mg/l) n=24-27. 

 

Parameter Wylye 1 Wylye 2 Nadder 1 Nadder 2 Avon 

Water Depth  36 31 35 34 26 

Flow  0.29 

±0.04 

0.36 

±0.03 

0.22 

±0.03 

0.37 

±0.05 

0.42 

±0.03 

Air Temp  12.1±0.98 12.1±0.98 12.1±0.98 12.1±0.98 12.1±0.98 

Water Temp  10.7±0.67 10.5±0.76 10.5±0.74 10.5±0.80 11.1±0.75 

pH 8.14±0.04 8.10±0.04 8.07±0.02 8.04±0.03 8.13±0.04 

Conductivity  552±0.38 552±5.14 547±6.10 538±4.92 576±3.23 

Dissolved O2  8.14±0.48 8.33±0.51 8.39±0.55 8.34±0.52 8.88±0.57 

 

 

Typical surface and hyporheic water dissolved oxygen concentrations recorded using 

dissolved oxygen dataloggers from the Avon site can be seen in Figure 3.23. The first few 

minutes of the hyporheic trace represents surface water in the hyporheic samplers. Around 

five minutes of pumping was found to be required to clear the void space of the hyporheic 

samplers. 
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Figure 3.23. Measured dissolved oxygen concentration of hyporheic and surface 

water on the River Avon. Data representative of all sites. 

 

 

The results for the hyporheic dissolved oxygen levels in the hyporheic zone are shown in 

Table 3.7. There was a significant inter-site variation in levels of dissolved oxygen in the 

hyporheic zone (ANOVA, F=415.80; d.f. =4; P<0.001). The dissolved oxygen in the 

hyporheic zone at Wylye 1 was significantly lower than the other sites. However, all sites 

showed low levels of dissolved oxygen in the hyporheic zone. 

 

Table 3.7. Hyporheic dissolved oxygen concentrations at each field site. 

Site Number of 

measurements 

Mean±SEM (mg/l) 

Wylye 1 112 1.10±0.024 

Wylye 2 111 3.04±0.072 

Nadder 1 119 2.56±0.022 

Nadder 2 109 3.49±0.022 

Avon 117 2.13±0.059 

 

3.3.2. Water Chemistry  

 

The overall mean average water chemistry properties of each field site are shown in Table 

3.8. Statistic analysis showed that the phosphate concentration did not vary significantly 

between the sites (ANOVA, F=0.90; d.f. =4; P=0.465). Statistical analysis of phosphate 
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levels showed that there was a significant difference between the sites (ANOVA, F=2.70; 

d.f. =4; P=0.034). A pairwise comparison indentified that the sulphate concentration was 

significantly greater in the River Avon site compared to the Wylye 2 site. Statistical 

analysis showed that nitrite concentrations did vary significantly between the sites 

(ANOVA, F=2.49; d.f. =4; P=0.047). A pairwise comparison indicated that nitrite 

concentrations were significantly greater in the River Avon site compared to the Wylye 2 

site. Statistical analysis of the nitrate levels in the field sites demonstrated that there was no 

significant variation in nitrate concentration between sites (ANOVA, F=0.55; d.f. =4; 

P=0.697). There were no significant difference differences in nitrite concentration between 

sites (ANOVA, F=1.21; d.f. =4; P=0.311).  

 

 

Table 3.8. Chemical Properties measured represented as Mean±SE; Phosphate, 

Sulphate, Nitrite and Nitrate shown as mg/l; total Ammonia Nitrogen (TAN) 

measured as µg/l  n=21-24. 

 

Parameter Wylye 1 Wylye 2 Nadder 1 Nadder 2 Avon 

Phosphate  0.73±0.11 0.68±0.06 0.87±0.77 0.85±0.10 0.74±0.08 

Sulphate  42.72±8.55 32.28±1.35 39.00±2.84 36.06±3.59 40.61±2.03 

Nitrite  0.02±0.002 0.02±0.002 0.023±0.003 0.024±0.003 0.026±0.003 

Nitrate  0.744±0.110 0.654±0.122 0.597±0.099 0.514±0.097 0.523±0.100 

TAN  0.270±0.029 0.284±0.024 0.202±0.034 0.248±0.033 0.263±0.02 

 

 

3.3.3 Suspended Solids 
 
 

The results for the amount suspended solids present at each field site can be seen in Figure 

3.24. There was no significant inter-site variation observed (ANOVA, F=1.37; d.f. =4; 

P=0.252). 
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Figure 3.24. Suspended solids of water samples (Data represents Mean±SEM) n=22. 

 

 

3.3.4. Water-borne Contaminants 

 

The percent detection of the acid herbicides identified in the water samples from each site 

can be seen in Table 3.9. The table demonstrates the percentage of samples which were 

found to contain acid herbicide compounds in each field site over the sampling regime. 

 

Table 3.9. Percentage detection of acid herbicides at the field sites. MCPA=2-methyl-

4-chlorophenoxyacetic acid. MCPB=4-(4-chloro-o-tolyloxy)butyric acid. 

PCP=Pentachlorophenol. n=8 per site. 

 
Compound Nadder 1 Nadder 2 Wylye 1 Wylye 2 Avon 

Mecoprop 12.5 0 0 0 0 

MCPA 0 0 0 0 0 

MCPB 37.5 50 37.5 25 12.5 

2,4 -D 0 0 0 0 0 

 

 

The concentrations found in the water of the detected levels of acid herbicides are shown 

in Figure 3.25. Outliers can be observed on the plots which identify single points of high 

concentrations of contaminants. 
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Figure 3.25. Water concentrations of detected levels of acid herbicides at the field 

sites. (a - Wylye 1; b – Wylye 2; c – Nadder 1; d – Nadder 2; e – Avon). 
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The percent detection of the triazine herbicides identified in the water samples from each 

site can be seen in Table 3.10. The table demonstrates the percentage of samples which 

were found to contain triazine herbicide compounds in each field site over the sampling 

regime. 

 

 

Table 3.10. Percentage detection of triazine herbicides at the field sites. n=20 per site. 

 

Compound Wylye 1 Wylye 2 Nadder 1 Nadder 2 Avon 

Desisopropylatrazine 5 5 5 5 5 

Desethylatrazine 55 45 55 45 50 

Simazine 0 0 0 0 0 

Atrazine 0 0 0 5 5 

Propazine 0 0 0 0 0 

Cyanazine 0 0 0 0 0 

 

 

The concentrations found in the water of the detected levels of triazines are shown in 

Figure 3.26. 
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Figure 3.26. Water concentrations of detected levels of desisopropylatrazine, 

desethylatrazine and atrazine at the field sites. (a - Wylye 1; b – Wylye 2; c – Nadder 

1; d – Nadder 2; e – Avon). 
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The percentage detection of organochlorines in the water samples above the limit of 

detection is shown in Table 3.11. The table demonstrates the percentage of samples which 

were found to contain organochlorine compounds in each field site over the sampling 

regime. The majority of the compounds which were included in the analysis were not in 

fact detected at any of the field sites. 

 

Table 3.11. Percentage detection of organochlorine compounds from the field sites. 

n=20 per site. 

 

COMPOUND Nadder 1 Nadder 2 Wylye 1 Wylye 2 Avon 

BENZENE, 1,2,3-TRICHLORO- 0 0 0 0 0 

BENZENE, 1,2,4,5-TETRACHLORO 0 0 0 0 0 

BENZENE, PENTACHLORO- 0 0 0 0 0 

ALPHA, -LINDANE 0 0 0 0 0 

BENZENE, HEXACHLORO- 0 0 0 0 0 

BETA, -LINDANE 0 5 5 0 5 

BENZENE, PENTACHLORONITRO- 30 55 45 30 65 

GAMMA, -LINDANE 0 0 0 0 5 

HEPTACHLOR 0 0 5 5 0 

ALDRIN 0 0 0 0 0 

TRANS-HEPTACHLOR EPOXIDE 0 0 0 0 0 

ALPHA ENDOSULFAN 0 0 0 0 0 

P,P' -DDE 0 0 0 0 10 

DIELDRIN 0 10 0 0 0 

ENDRIN 0 5 0 5 5 

BETA ENDOSULFAN 0 0 0 0 0 

P,P' -DDD 40 35 10 55 10 

O,P' -DDT 40 45 10 55 25 

P,P' -DDT 0 0 0 0 0 

 

 
 
The concentrations found in the water of the detected levels of organochlorine pesticides 

are shown in Figure 3.27. The concentrations of organochlorine pesticides which were 

detected in the water samples did show some inter-site variation. The highest recorded 

concentration was 298.5ng l-1 for the compound β-Lindane. 
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Figure 3.27. Water concentrations of detected levels of OCPs for each site. (a - Wylye 

1; b – Wylye 2; c – Nadder 1; d – Nadder 2; e – Avon). 
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The percentage detection of polycyclic aromatic hydrocarbons in the water samples of the 

detected levels are shown in Table 3.12. The table demonstrates the percentage of samples 

which were found to contain polycyclic aromatic hydrocarbon compounds in each field site 

over the sampling regime. All of the polycyclic aromatic hydrocarbons compounds that 

were analysed were detected at every site. However, some compounds were detected more 

frequently than others. 

 

Table 3.12. Percentage detection of PAHs from the field sites. n=20 per site. 

 

COMPOUND Nadder 1 Nadder 2 Wylye 1 Wylye 2 Avon 

NAPHTHALENE 55 50 70 65 70 

ACENAPHTHYLENE 40 40 45 40 40 

ACENAPTHENE 30 25 40 25 30 

FLUORENE 95 100 90 90 95 

PHENANTHRENE 90 90 90 80 90 

ANTHRACENE 60 50 55 70 55 

FLUORANTHENE 75 85 85 75 80 

PYRENE 70 75 85 80 75 

BENZ[a] ANTHRACENE 30 40 40 50 35 

CHRYSENE 35 35 45 40 35 

BENZO [b] FLUORANTHENE 45 40 10 45 45 

BENZO [k] FLUORANTHENE 25 25 10 10 15 

BENZO [a] PYRENE 25 30 15 15 15 

INDENO [1,2,3-cd] PYRENE 20 20 10 10 10 

DIBENZ [a, h] ANTHRACENE 20 5 10 10 5 

BENZO [g, h, I] PERYLENE 15 25 10 10 10 

 

 

 

The concentrations found in the water of the detected levels of polycyclic aromatic 

hydrocarbons are shown in Figure 3.28. Similar concentrations of each polycyclic aromatic 

hydrocarbons were found at every field site. 
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Figure 3.28. Water concentrations of detected levels of PAHs for each site (a - Wylye 

1; b – Wylye 2; c – Nadder 1; d – Nadder 2; e – Avon). 

 

1. Naphthalene 

2. Acenaphthylene 

3. Acenapthene 

4. Fluorene 

5. Phenanthrene 

6. Anthracene 

7. Fluoranthene 

8. Pyrene 

9. Benz [a] anthracene 

10. Chrysene 

11. Benzo [b] fluoranthene 

12. Benzo [k] fluoranthene 

13. Benzo [a] pyrene 

14. Indeno [1,2,3-cd] pyrene 

15. Dibenz [a, h] anthracene 

16. Benzo [g, h, i] perylene 

      

   

      

a 
b 

c d 

e 



Organic Contaminants in Salmonid Spawning Grounds 3 
 

83 
 

3.3.5. Substrate Composition 

 

The results for the sediment (<4mm) loading over a 3 month period in each field site can 

be seen in Figure 3.29. There was no significant inter-site variation observed between the 

sites (ANOVA, F=2.14; d.f. =4; P=0.108). 

 

 

 

Figure 3.29. Sediment loading in field sites from substrate taken from infiltration 

baskets over a three month period (Data represents Mean±SEM) n=6 for each site; 

n=5 for Nadder 2. 

 
 

Figure 3.30 show the particle size distribution of the substrate collected in the infiltration 

baskets. There was one missing sample for Nadder 2 site due to the removal of the trap by 

a third party. There was no significant inter-site variation in the composition of the 

sediment for particles greater than 4mm in diameter (ANOVA, F=2.09; d.f. =4; P=0.113), 

less than 4mm in diameter (ANOVA, F=2.29; d.f. =4; P=0.089), less than 2mm in 

diameter (ANOVA, F=1.87; d.f. =4; P=0.148) or less than 63m in diameter (ANOVA, 

F=1.14; d.f. =4; P=0.360. Particles of less than 4mm in diameter are generally considered 

to be important when considering the spawning habitat of salmonids (Peterson and Quinn, 

1996).  
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Figure 3.30. Percentage particle size fraction (n=6; except Nadder 2 n=5) 

 

The sediment loading for the infiltration baskets for each site can be seen in Figure 3.31. 

No significant inter-site variation was observed (ANOVA, F=1.89; d.f. =4; P=0.146). 

 

Figure 3.31. The amount of sediment <4mm deposited per day per trap in the 

sediment traps at the field sites. Data represents means + SEM. n=5-6 per site. 

 

 

The important particle size fractions are less than 2mm in diameter (Malcolm et al., 2003; 

Soulsby et al., 2001) and also the fraction less than 63 µm in diameter (Acornley and Sear, 

1999; Chapman, 1988; Julien and Bergeron, 2006) since these have been found to affect 

salmonid egg and alevin survival and therefore successful fry emergence. 
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Figure 3.32 shows the percentage of the total sediment collected in the infiltration basket 

which makes up the size fraction of less than 2mm. Statistical analysis showed that there 

was no significant inter-site variation in the proportion of particles collected in the 

infiltration baskets that were less than 2mm in diameter (ANOVA, F=1.36; d.f. =4; 

P=0.278). 

 

 
Figure 3.32. The amount of sediment <2mm deposited in the sediment traps at the 

field sites. Data represents means + SEM. n=6 per site; except Nadder 2, n=5. 

 

 

 
Figure 3.33 represents the total proportion of the total sediment collected by the infiltration 

basket which made up the less than 63µm fraction. Statistical analysis showed that there 

were significant intersite variations in the proportion of sediment collected in the 

infiltration baskets that were less than 63µm in diameter (ANOVA, F=2.86; d.f. =4; 

P=0.045). A pairwise comparison identified that the sediment collected from the River 

Wylye 1 site had a significant greater percentage of particles less than 63µm in diameter 

compared to those samples collected from the Wylye 2 site. 
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Figure 3.33. The amount of sediment <63µµµµm deposited in the sediment traps at the 
field sites. Data represents means + SEM. n=6 per site; except Nadder 2, n=5. 
 

The geometric mean particle size for each field site is shown in Figure 3.34. This was 

calculated using the equation in 3.2.6.1 (Shirazi and Seim, 1979). Statistical analysis 

identified no inter-site significant difference of the geometric mean of the substrate 

(ANOVA, F=1.259; d.f. =4; P=0.313). 

 

 

Figure 3.34. Geometric mean of the sediment particles collected in the infiltration 

baskets (Data represents Mean±SEM) n=6 per site; except Nadder 2, n=5. 

 

Figure 3.35 shows the results for the calculated sorting coefficient using the 75th and 25th 

quotient. This was calculated using the equation in 3.2.6.1 (Krumbein and Pettijohn, 1938). 
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Statistical analysis showed there was no inter-site variation observed (ANOVA, F=1.844; 

d.f. =4; P=0.153). 

 

 

Figure 3.35. Sorting coefficient of sediment particles collected in the infiltration 

baskets at the 75
th

 and 25
th

 percentile quotient (Data represents Mean±SEM) n=6 per 

site; except Nadder 2, n=5. 

 
 

Figure 3.36 shows the results for the calculated sorting coefficient using the 84th and 16th 

quotient. This was calculated using the equation in 3.2.6.1 (Shirazi and Seim, 1979). 

Significant inter-site variation was observed (ANOVA, F=3.660; d.f. =4; P=0.018). 

Pairwise comparison identified that both the Wylye 2 and Nadder 1 field site substrate had 

significantly greater sorting coefficients compared to the Nadder 2 substrate but not 

compared to the Avon site. 
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Figure 3.36. Sorting coefficient of sediment particles collected in the infiltration 

baskets at the 84
th

 and 16
th

 percentile quotient (Data represents Mean±SEM) n=6 per 

site; except Nadder 2, n=5. 

 
 

The Fredle Index results for calculations using the 75th and 25th percentile quotient can be 

seen in Table 3.13. The results for the calculated Fredle Index, using the 75th and 25th 

percentile show no significant inter-site variation (ANOVA, F=0.708; d.f. =4; P=0.595). 

 

Table 3.13. Fredle Index (d75/d25) values for each site.  

 

Sample 

Site 1 2 3 4 5 6 

Wylye 1 0.257 0.180 0.432 0.268 0.275 0.343 

Wylye 2 0.157 0.215 0.249 0.086 0.084 0.182 

Nadder 1 0.189 0.187 0.361 0.129 0.381 0.590 

Nadder 2 0.108 0.095 - 0.225 0.723 0.453 

Avon 0.200 0.226 0.770 0.144 0.125 0.177 

 

 

The Fredle Index results for calculations using the 84th and 16th percentile quotient can be 

seen in Table 3.14. The results for the calculated Fredle Index, using the 84th and 16th 

percentile show no significant inter-site variation (ANOVA, F=0.534; d.f. =4; P=0.712). 
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Table 3.14. Fredle Index (d84/d16) values for each site.  

 

Sample 

Site 1  2 3 4 5 6 

Wylye 1 0.128 0.090 0.305 0.189 0.275 0.172 

Wylye 2 0.111 0.152 0.176 0.061 0.084 0.182 

Nadder 1 0.134 0.094 0.181 0.091 0.269 0.209 

Nadder 2 0.076 0.095 - 0.159 0.511 0.160 

Avon 0.142 0.159 0.272 0.072 0.125 0.177 

 

 

The organic content for the sediment fraction measuring less than 63µm for each site is 

shown in Figure 3.37. Statistical analysis did not identify any significant inter-site variation 

(ANOVA, F=1.92; d.f. =4; P=0.192).  

 

 

Figure 3.37. Organic content of 63µm particle size sediment. (Data represents 

Mean±SEM. n=15. 

 

 

Smaller sized particles (eg silts and clays) in sediments have been found to be particularly 

enriched with metal and organic contaminants in sediments. This is due to the higher 

organic content and larger particle surface area which allows greater binding of these 

contaminants to the particles. In many studies (e.g. Klamer et al., 1990; Gao et al., 1997; 

Vigano et al., 2003) the sediment <63 µm in diameter has been examined rather than the 

whole sediment for contaminants because of this enrichment and the normalization of 
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sediment contaminants to this sized fraction has been common (e.g. Kersten and Smedes, 

2002). Therefore in the present study the fraction of collected sediment < 63 µm in 

diameter was examined for the bound pesticide and polycyclic aromatic hydrocarbon 

concentrations (see 3.3.5). 

 

 

3.3.6. Sediment-Bound Contaminants  

 

The percentage of the contaminants triazines detected in the sediment samples are shown 

in Table 3.15. The table demonstrates the percentage of samples which were found to 

contain triazine herbicide compounds over the sampling regime. Unlike the water samples, 

atrazine and corresponding metabolites, desisopropylatrazine and desethylatrazine, were 

not detected in any of the sediment samples. However, simazine, propazine, cyanazine and 

prometryn were detected in the sediment samples. 

 

 

Table 3.15. Percentage detection of sediment-bound triazines from the field sites. 

DIA=Desisopropylatrazine. DEA=Desethylatrazine.n=20. 

 

Compound % Detection 

DIA 0 

DEA 0 

Simazine 10 

Atrazine 40 

Propazine 45 

Cyanazine 10 

Prometryn 60 

 

 

The concentrations of these triazine herbicides found in the sediment at each field site, is 

shown in Figure 3.38. Prometryn was only detected from the Wylye 2 sediment samples. 

Atrazine and prometryn were the compounds detected at the highest concentrations in 

sediment samples. Nadder 1 and Wylye 1 had the greatest concentration of sediment-

bound atrazine. However, no atrazine was detected in the sediment samples from Nadder 2 

and Wylye 1. The River Avon site did show low levels of sediment-bound atrazine. No 

sediment-bound propazine was detected at Wylye 2 site and similar levels were found in 

the other sites. Sediment-bound cyanazine was not detected at the Wylye 2 nor Nadder 1 
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sites. The highest concentration of cyanazine was found in sediment samples collected 

from Nadder 2 site. Sediment-bound prometryn was detected at every field site. The lowest 

concentration was found at the River Avon site. 

 

Compound

0 1 2 3 4 5 6

n
g
 g

-1

0

200

400

600

800

1000

1200

1400

1600

1800

Compound

0 1 2 3 4 5 6

n
g

 g
-1

0

200

400

600

800

1000

1200

 
 
 

Compound

0 1 2 3 4 5 6

n
g

 g
-1

0

500

1000

1500

2000

2500

Compound

0 1 2 3 4 5 6

n
g

 g
-1

0

500

1000

1500

2000

2500

 
 

Compound

0 1 2 3 4 5 6

n
g

 g
-1

0

100

200

300

400

500

 
 

Figure 3.38. Concentrations of triazine compounds detected in the sediments (<63µm) 

samples (a - Wylye 1; b – Wylye 2; c – Nadder 1; d – Nadder 2; e – Avon). 
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Figure 3.39 shows the overall mean concentrations of the sediment-bound triazines found 

in the substrate samples from all of the field sites. Sediment-bound prometryn and atrazine 

were found at the highest concentrations as a mean average for all the sites. 

 

 

Figure 3.39. Sediment-bound triazines concentrations detected in the substrate 

samples from all sites. (Data represents Mean + SEM).  

 

 

 

 

 

 

 

 
The percentage detection of the organochlorine pesticides found in the sediment samples is 

shown in Table 3.16. The table demonstrates the percentage of samples which were found 

to contain organochlorine pesticide compounds over the sampling regime. Only five of the 

total 17 compounds analysed were detected in the sediment samples. 
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Table 3.16. Percentage detection of sediment-bound Organochlorine pesticides in the 

from the field sites. n= 20. 

 

Compound % Detection 

Benzene,1,2,3-trichloro-  0 

Benzene,1,2,4,5-tetrachloro- 0 

Benzene, pentachloro- 0 

alpha, -Lindane 0 

Benzene, hexachloro- 0 

beta, -Lindane 100 

Benzene, pentachloronitro- 100 

gamma, -Lindane 25 

Heptachlor 40 

Aldrin 0 

alpha Endosulfan 0 

p,p'-DDE 0 

Dieldrin 55 

Endrin 0 

beta Endosulfan 0 

o,p'-DDT 0 

p,p'-DDT 0 

 

 

 

 

The concentrations of these organochlorine pesticides found at detected levels at each field 

site are shown in Figure 3.40. The highest detected level of sediment-bound 

organochlorine pesticides was the compound β-Lindane. β-Lindane was detected at the 

highest concentration at both sites situated on the River Wylye. Breakdown products of 

DDT were detected in sediment samples collected at all sites except for the Nadder 2 site. 
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Figure 3.40. Contaminant concentrations of the OCPs found in the sediment (<63µm) 

samples from each site. (a - Wylye 1; b – Wylye 2; c – Nadder 1; d – Nadder 2; e – 

Avon). 
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Figure 3.41 shows the overall mean concentrations at all field sites of the sediment-bound 

organochlorine pesticides for the substrate sample. β-Lindane was the organochlorine 

pesticide detected at the highest concentration in sediment samples. 

 

 

Figure 3.41. Sediment-bound organochlorine concentrations detected in the substrate 

samples from all sites. (Data represents Mean + SEM). n=20 per compound. 

 

 

Table 3.17 shows the percentage detection of polycyclic aromatic hydrocarbons detected in 

the sediment samples. The table demonstrates the percentage of samples which were found 

to contain acid herbicide compounds over the sampling regime. All of the polycyclic 

aromatic hydrocarbons analysed were detected in the sediment in every sample (100%), 

except naphthalene which was detected in 90% of the samples.   
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Table 3.17. Percentage detection of sediment-bound PAH compounds from the field 

sites.  

 

Compounds % Detection 

NAPHTHALENE 90 

ACENAPHTHYLENE 100 

ACENAPTHENE 100 

FLUORENE 100 

PHENANTHRENE 100 

ANTHRACENE 100 

PYRENE 100 

BENZ [a] ANTHRACENE 100 

CHRYSENE 100 

BENZO [b] FLUORANTHENE 100 

BENZO [k] FLUORANTHENE 100 

BENZO [a] PYRENE 100 

INDENO [1,2,3-cd] PYRENE 100 

DIBENZ [a, h] ANTHRACENE 100 

BENZO [g, h, I] PERYLENE 100 

 

 

The concentrations of the detected polycyclic aromatic hydrocarbons found in the sediment 

at each field site are shown in Figure 3.42. Sediment collected from the Wylye 1 site had 

the highest concentration of the majority of the PAHs and the River Avon site had the 

lowest level of sediment-bound PAHs. 
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Figure 3.42. Contaminant concentrations of the PAHs found in the sediment (<63µm) 

samples from each site. (a - Wylye 1; b – Wylye 2; c – Nadder 1; d – Nadder 2; e – 

Avon). 
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Figures 3.43 and 3.44 show the overall concentrations from all field sites of the sediment-

bound polycyclic aromatic hydrocarbons found in the collected substrate sample. Some of 

the average concentrations of PAHs exceeded 3000ng per gramme of sediment. Overall, 

the sediment-bound PAHs were detected at much greater concentrations compared to the 

sediment-bound triazines and OCPs.  

 

 

Figure 3.43. Sediment-bound PAH concentrations detected in the substrate samples 

from all sites. (Data represents Mean + SEM). n=10 per compound. 
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Figure 3.44. Sediment-bound PAH concentrations detected in the substrate samples 

from all sites. (Data represents Mean + SEM). n=10 per compound. 

 

3.3.7. Implanted Egg Field Trials 

 

3.3.7.1. Temperature 

 

During the construction of the artificial redds, Tinytag® data loggers were placed in the 

hyporheic zone to record the temperature of the redds. Figure 3.45 shows a representative 

graph showing the changes in water temperature over the spawning season during the first 

field trial. The temperature ranged from 3-9°C during the time of spawning and throughout 

egg incubation. 
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Figure 3.45. Water temperature in the River Wylye over the spawning season during 

the first field trial. 

 

 
Figure 3.46 shows a representative graph of the temperature data during the second field 

trial. Temperatures were generally the same as the previous year during this field trial and 

ranged from 4-10°C during the spawning season and period of egg incubation. 

 
 

Figure 3.46. Water temperature in the River Nadder over the spawning season during 

the second field trial. 
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Figure 3.47 shows a representative graph of the temperature data during the third field trial. 

Temperatures did not vary greatly from the previous years during this field trial and 

fluctuated between 2°C and 10°C during the spawning season and egg incubation period. 

All of the sites were representative of this temperature data. However, the coldest 

temperatures were observed during this final field trial. 

 

 
Figure 3.47. Water temperature in the River Avon over the spawning season and 

during the third field trial. 
 

 

3.3.7.2 Egg Survival 
 

The survival data for the three field trials for each of the field sites is shown in Figure 3.48. 

The eggs were 50 day post-fertilisation (d50PF) and day 57 post-fertilisation (d57PF) for 

field trial 1 (FT1) and d57PF for field trial 2 (FT2). Inter-site variation was observed as for 

the first field trial there was no survival at all at the River Avon field site and low survival 

at the Wylye 2 site. The results for the second sampling day (d57PF) of the first field trial 

showed a much greater survival in Nadder 2 compared to the other sites. As before, there 

was no survival at the River Avon site.  
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For the second field trial an inter-site variation was also observed. There was no survival at 

the Wylye 1 field site and low survival at the Nadder 1 field site. For this trial only eyed 

eggs were obtainable therefore, although the eggs were d57PF, the eggs were implanted 

into the sites at d14PF. So the actual exposure time in the riverbed was 43 days. 

 

However, for the final field trial there was no survival at all at any of the sites (data not 

shown on the figure). When the baskets were removed from the artificial redds there was 

much more sedimentation observed compared to previous trials. This was the only year 

that Salmo trutta eggs were used instead of Salmo salar. 

 

 

 

Figure 3.48. Egg survival at each field site for all the field trials.  

 

3.3.7.3 Egg Morphometric Analysis 

 

Table 3.18 shows all the egg morphometric data for all of the field trials. There was no 

survival observed for the final field trial so all data shown is for field trial one and two 

only. Statistical analysis for egg weight data for field trial one on day 50 post-fertilisation 

and day 57 post-fertilisation showed that day did not have a significant effect on the egg 

weight (ANOVA, F=0.680; d.f. =1; P=0.412). However, there was a significant difference 

in egg weight between the sites (ANOVA, F=24.883; d.f. =2; P<0.001). A pairwise 

comparison showed that there was a significant difference between all sites with survival 
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(except Wylye 2 as n values were too low for statistical analyses). Nadder 1 eggs were 

significantly heavier than Nadder 2 eggs and Wylye 1 eggs, and Nadder 2 eggs were 

significantly heavier than Wylye 1 eggs. The interaction between the two variables, day 

and site, did not have a significant effect on egg weight (ANOVA, F=0.156; d.f. =2; 

P=0.856). Statistical analysis for the egg weight of day 57 post-fertilisation eggs for the 

second field trial showed there was no inter-site significant differences (ANOVA, F=0.01; 

d.f. =3; P=0.999). There was no data for Wylye 1 field site, as there was no survival. 

 

Statistical analysis for egg diameter for field trial one on day 50 post-fertilisation and day 

57 post-fertilisation demonstrated that day had no significant effect on egg diameter 

(ANOVA, F=0.328; d.f. =1; P=0.568).  However, egg diameter did significantly vary 

between sites (ANOVA, F=4.812; d.f. =2; P=0.011). A pairwise comparison showed that 

eggs from the Nadder 1 site had significantly greater diameters than those from Wylye 1. 

The interaction between the variables, day and site, did not have a significant effect on egg 

diameter (ANOVA, 0.604; d.f. =2; P=0.549). Statistical analysis for field trial two on day 

57 post-fertilisation showed that there was no significant variation in egg diameter between 

the other four sites (ANOVA, F=1.07; d.f. =3; P=0.378).  There was no data for the Wylye 

1 field site as there was no survival.  

 

Statistical analysis for field trial one on day 50 post-fertilisation and day 57 post-

fertilisation showed that day did not have a significant effect on egg volume (ANOVA, 

F=2.030; d.f. =1; P=0.160). However, site did have a significant effect on egg volume 

(ANOVA, F=20.655; d.f. =2; P<0.001). A pairwise comparison indicated that eggs located 

at both River Nadder sites had significantly greater egg volumes than those at the River 

Wylye 1 site. The interaction of both variables, day and site, demonstrated no significant 

effect on egg volume (ANOVA, F=0.466; d.f. =2; P=0.630). Statistical analysis for field 

trial two on day 57 post-fertilisation showed that there was no significant variation 

between sites for egg volume (ANOVA, F=0.01; d.f. =3; P=0.999). 

 

Statistical analysis for field trial one on day 50 post-fertilisation and day 57 post-

fertilisation showed that day had no significant effect on the surface area of eggs from any 

site (ANOVA, F=2.063; d.f. =1; P=0.157). However the location of the eggs did have an 

effect on the volume (ANOVA, F=20.712; d.f. =2; P<0.001).  A pairwise comparison 
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showed that both Nadder 1 and Nadder 2 had eggs with a greater surface area than Wylye 

1. The interaction of both variables, day and site, did not have a significant effect on egg 

surface area (ANOVA, F=0.332; d.f. =2; P=0.717). Statistical analysis for field trial two on 

day 57 post-fertilisation showed that there was no significant variation between sites for 

egg surface area (ANOVA, F=0.01; d.f. =3; P=0.999). 

 

Statistical analysis for field trial one on day 50 post-fertilisation and day 57 post-

fertilisation showed that day did not have a significant effect on the surface area to volume 

ratio of the eggs at any of the sites (ANOVA, F=2.150; d.f. =1; P=0.148). However, site 

did have a significant effect on the egg surface area to volume ratio (ANOVA, F=20.693; 

d.f. =2; P<0.001). A pairwise comparison showed that Wylye 1 had significantly greater 

egg surface area to volume ratio than either Nadder 1 or Nadder 2 eggs. The interaction of 

the two variables, day and site, had no significant effect on the egg surface area to volume 

ratio (ANOVA, F=0.582; d.f. =2; P=0.562). Statistical analysis for field trial two on day 57 

post-fertilisation showed that there was no significant variation between sites for egg 

surface area to volume ratio (ANOVA, F=0.01; d.f. =3; P=0.999). 

 

Table 3.18. Morphometric analysis of Salmo salar eggs (Data represents Mean±SEM) 

Field 

Trial 

Site dPF Weight (mg) Diameter 

(mm) 

Volume 

(mm
3
) 

Surface Area 

(mm
2
) 

SA:Vol N 

value 

1 Wylye 1 50 88.33±2.42 5.50±0.08 79.49±2.42 89.32±1.81 1.13±0.01 10 

1 Wylye 1 57 93.95±2.78 5.79±0.11 85.11±2.78 93.47±2.01 1.10±0.01 10 

2 Wylye 1 57 - - - - - 0 

1 Wylye 2 50 102.30±2.60 5.16±0.17 93.46±2.60 99.59±1.81 1.07±0.01 2 

1 Wylye 2 57 - - - - - 0 

2 Wylye 2 57 146.48±2.08 6.46±0.08 137.64±2.08 128.89±1.30 0.94±0.00 10 

1 Nadder 1 50 106.05±2.30 6.13±0.17 97.21±2.30 102.18±1.62 1.05±0.01 10 

1 Nadder 1 57 108.94±2.15 5.99±0.05 100.1±2.15 104.21±1.50 1.04±0.01 10 

2 Nadder 1 57 146.10±3.80 6.41±0.12 137.26±3.80 128.67±2.38 0.94±0.01 2 

1 Nadder 2 50 102.19±3.09 5.73±0.16 93.35±3.09 99.40±2.22 1.07±0.01 10 

1 Nadder 2 57 102.78±2.78 5.86±0.12 93.94±2.78 99.84±2.03 1.07±0.01 10 

2 Nadder 2 57 146.08±1.64 6.26±0.08 137.24±1.64 128.78±1.15 0.94±0.00 10 

1 Avon 50 - - - - - 0 

1 Avon 57 - - - - - 0 

2 Avon 57 146.26±1.83 6.37±0.08 137.42±1.83 128.78±1.15 0.94±0.00 10 

 

3.3.7.4 Egg Biochemical Analysis 
 

Table 3.19 shows the statistical analysis for field trial one for both day 50 and day 57 post 

fertilisation. The results showed that both day (ANOVA, F=22.092; d.f. =1; P<0.001) and 
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site (ANOVA, F=15.596; d.f. =2; P<0.001) had a significant effect on egg dry weight. 

Pairwise comparison demonstrated that overall d50PF eggs had greater dry weight than 

d57PF eggs. Nadder 1 eggs had a significantly greater dry weight than both Nadder 2 and 

Wylye 1 eggs at d50PF. At d57PF, Nadder 1 eggs had a greater dry weight than Nadder 2 

eggs. The interaction between the variables, day and site, displayed no significant effect on 

egg dry weight (ANOVA, F=0.151; d.f. =2; P=0.861). Statistical analysis for field trial two 

on day 57 post-fertilisation showed that egg dry weight did significantly vary between sites 

(ANOVA, F=8.38; d.f. =2; P=0.002). A pairwise comparison demonstrated that eggs 

buried at Wylye 2 had a greater dry weight compared to Nadder 2 and Avon eggs. 

However, the n values were very low for this analysis which should be considered during 

interpretation.  

 

Statistical analysis for field trial one on day 50 post-fertilisation and day 57 post-

fertilisation showed that day (ANOVA, F=16.764; d.f. =1; P<0.001) and site (ANOVA, 

F=10.631; d.f. =2; P<0.001) did have a significant effect on the percentage egg water 

content. A pairwise comparison indicated that overall d57PF eggs had a smaller water 

content than d50PF eggs and that both Nadder 1 and Wylye 1 eggs had a higher water 

content than Nadder 2 eggs. However, the interaction between the variables showed no 

significant difference (ANOVA, F=2.092; d.f. =2; P=0.137). Statistical analysis for field 

trial two on day 57 Post-fertilisation showed that egg water content did significantly vary 

between sites (ANOVA, F=8.38; d.f. =2; P=0.002). A pairwise comparison demonstrated 

that eggs buried at Wylye 2 had a greater water content compared to Nadder 2 and Avon 

eggs. 

 

Statistical analysis for field trial one on day 50 post-fertilisation and 57 post-fertilisation 

showed that both day (ANOVA, F=14.639; d.f. =1; P<0.001) and site (ANOVA, F=6.235; 

d.f. =2; P=0.005) had a significant effect on egg NPS content. Pairwise comparison 

demonstrated that overall d57PF eggs had greater NPS content than d50PF eggs. Nadder 2 

eggs had a higher NPS concentration than both Nadder 1 and Wylye 1 eggs. The 

interaction between the variables, day and site, displayed no significant effect on egg NPS 

concentration (ANOVA, F=2.646; d.f. =2; P=0.084). Statistical analysis for field trial two 

on day 57 post-fertilisation showed that the location of the eggs had no significant effect 

on the NPS concentration (ANOVA, F=0.30; d.f. =2; P=0.746). 
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Statistical analysis for field trial one on day 50 and day 57 post-fertilisation showed that 

both day (ANOVA, F=14.445; d.f. =1; P<0.001) and site (ANOVA, F=15.595; d.f. =2; 

P<0.001) had a significant effect on egg protein concentration.  Pairwise comparison 

showed that d57PF eggs overall had a significantly greater protein content than d50PF 

eggs. Nadder 2 eggs had a significantly greater protein content compared to both Nadder 1 

and Wylye 1 eggs. The interaction between the variables, day and site, showed no 

significant effect on egg protein concentration (ANOVA, F=0.909; d.f. =2; P=0.412). 

Statistical analysis for field trial 2 on day 57 post-fertilisation showed that the location of 

the eggs did not significantly affect the protein content (ANOVA, F=1.35; d.f. =2; 

P=0.283). 

 

Statistical analysis for field trial one on day 50 and day 57 post-fertilisation showed that 

day had no significant effect on the chloride concentration (ANOVA, F=0.535; d.f. =1; 

P=0.475). However, site did have a significant effect on egg chloride concentration 

(ANOVA, F=6.510; d.f. =2; P=0.009). A pairwise comparison showed that both Wylye 1 

and Nadder 2 eggs had a greater chloride concentration than Nadder 1 eggs. The 

interaction between the variables, day and site, demonstrated no significant effect on egg 

chloride concentration (ANOVA, F=2.682; d.f. =2; P=0.099). Statistical analysis for field 

trial two on day 57 post-fertilisation demonstrated that site did not have a significant effect 

on the egg chloride content (ANOVA, F=0.30; d.f. =2; P=0.746).  
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Table 3.19. Biochemical analysis of Salmo salar eggs (Data represents Mean±SEM) 

Field 

Trial 

Site dPF Dry Weight 

(mg) 

Water 

Content (%) 

NPS (NPS 

nM/mg 

Egg) 

Protein 

(mg/mg 

Egg) 

Chloride 

(nEq Cl/mg 

Egg) 

N 

value 

1 Wylye 1 50 40.75 

±6.33 

55.85 

±5.43 

45.10 

±6.56 

0.07 

±0.00 

45.50 

±8.05 

8 

1 Wylye 1 57 24.83 

±4.81 

43.29 

±5.48 

54.13 

±6.93 

0.08 

±0.01 

36.11 

±0.56 

6 

2 Wylye 1 57 - - - - - 0 

1 Wylye 2 50 - - - - - 0 

1 Wylye 2 57 - - - - - 0 

2 Wylye 2 57 26.00 

±5.16 

32.00 

±4.31 

81.20 

±10.40 

0.12 

±0.01 

28.14 

±6.10 

6 

1 Nadder 1 50 57.38 

±2.83 

61.86 

±1.18 

34.97 

±4.08 

0.05 

±0.00 

27.02 

±4.75 

8 

1 Nadder 1 57 39.50 

±2.05 

53.32 

±1.83 

52.51 

±7.57 

0.08 

±0.01 

17.99 

±3.06 

6 

2 Nadder 1 57 - - - - - 0 

1 Nadder 2 50 32.75 

±5.32 

49.58 

±4.97 

47.24 

±6.56 

0.09 

±0.01 

32.24 

±3.53 

8 

1 Nadder 2 57 11.75 

±4.43 

24.74 

±5.42 

99.20 

±15.30 

0.12 

±0.01 

41.49 

±3.11 

8 

2 Nadder 2 57 13.50 

±0.33 

21.08 

±0.64 

91.60 

±13.20 

0.14 

±0.01 

24.25 

±2.49 

8 

1 Avon 50 - - - - - 0 

1 Avon 57 - - - - - 0 

2 Avon 57 12.25 

±0.98 

19.14 

±1.48 

83.26 

±4.87 

0.13 

±0.01 

29.63 

±3.44 

8 

 

3.3.7.5 Alevin Survival and Analysis 

 

For the first field trial, survival was only observed at one site, Nadder 2, at d78PF.  The 

mean weight was 115.4±3.9mg. All the eggs had hatched to alevins at this stage and three 

of the ten which survived displayed yolk oedemas. Statistical analysis could not be 

peformed on this data. 

  

For the second field trial, sampling at d66PF, all eggs had hatched to alevins and survival 

was only apparent at the Wylye 2 field site (11.66%). There were seven survivors; three of 

which had a yolk sac oedema. The eggs have been implanted in to the riverbed since 

d14PF, therefore the actual exposure time in the river was 52 days. 
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3.4. Discussion 

 

The aim of this chapter was to determine the quality of the spawning gravels for salmonids 

(Salmo salar and Salmo trutta). Many measurements were taken to assess the quality of 

the potential spawning grounds at five field sites which are known to support salmonid 

populations.  

 

3.4.1. Physico-chemical and Water Chemical Parameters 

 

There were some significant differences observed in the physico-chemical parameters. The 

site at the River Avon had a greater flow than one of the River Nadder sites, and also a 

greater conductivity than all of the other sites. Temperature and surface water dissolved 

oxygen levels showed no inter-site variation. Inter-site variation in the water chemistry was 

also observed. The site on the River Avon had greater levels of both nitrite, known to be 

toxic to aquatic organisms (Lewis and Morris, 1986), and sulphate compared to a site on 

River Nadder. High levels of these nutrients may reflect the agricultural catchment of these 

rivers and can also be a potential cause of eutrophication (Smith et al., 1999; Smith et al., 

2006). 

 

There were significant differences in the dissolve oxygen concentrations in the water 

collected from the hyporheic zone at the field sites. The dissolve oxygen concentrations 

appeared to relate well with the survival data in some instances. Overall, egg and alevin 

survival was particularly poor at the two Wylye sites and also the Avon site. The sites on 

the River Wylye did have some of lowest hyporheic water dissolved oxygen 

concentrations. However, the deposited sediment < 4 mm in diameter did not differ 

between the sites. The larger-diameter sediment fraction and/or the degree of compaction 

of the sediment in the gravels may have differed between the sites to account for the 

variations in dissolved oxygen levels in the hyporheic water. The dissolved oxygen 

concentrations in the hyporheic zone were considerable lower than the surface water. This 

does not agree with previous studies on the River Avon. Heywood and Walling (2007) 

found that dissolved oxygen concentrations in intragravel water were generally equal to 

surface water dissolved oxygen concentrations (11.2–12.6 mg l-1) in newly constructed 
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redds and were 8.8, 9.9 and 11 mg l-1. Although hyporheic dissolved oxygen 

concentrations were still lower than surface water, which corroborates with this study. 

 

3.4.2. Substrate Composition 

 

There were no inter-site differences in the physical characteristics of the sediment less than 

4 mm in diameter that was deposited at the five field sites used in this study. However, 

further analysis of the substrate did identify some inter-site variations. The Fredle Index 

(Lotspiech and Everest, 1981) considering both the 75th and 25th along with the 84th and 

16th percentile quotient nor the geometric mean (Shirazi and Seim, 1979) did not show 

inter-site variation. The values for the Fredle Index for this study (75/25 range: 0.084-

0.590; 84/16 range: 0.072-0.511) was much lower than previous research (Wohl and 

Carline, 1996), who found values ranging from under one to six. A reason for this may be 

that the sediment was sampled from an infiltration basket, rather than a grab or core, which 

may not be representative of the complete river bed substrate. However, for this study the 

interest related to the spawning habitat substrate rather than the total substrate. The sorting 

coefficient (Krumbein and Pettijohn, 1939; Kondolf, 2000) showed that the substrates at 

Wylye 2 and Nadder 1 had a significantly greater variation in particle size compared to 

Nadder 2 for the 84th and 16th percentile quotient. This finding does not however 

corroborate with the survival data from the field trials where there was a great deal of inter-

site differences in the mortality rates of implanted salmonid eggs. Survival was not 

apparent for the River Avon site during the first field trial and no survival was observed for 

Wylye 1, and low survival at Nadder 1 for the second field trial. Moreover, there was no 

survival at all for the third field trial, despite high survival rates for the control group. 

However there was a significantly greater proportion of sediment less than 63um in 

diameter at the Wylye 1 site compared to the Wylye 2 site which may have attributed to 

the high mortality rate at the site. These values were much less (~2-6%) than those 

observed by Heywood and Walling (2007) where silt- and clay-sized particles (<0.063 

mm) from the River Avon made up 15%. The proportion of sediment that was less than 

2mm in diameter did not vary significantly between sites and ranged from ~40-60%. 

Theses values are similar to previous studies on the Avon where the mean particle size 

distribution of the sediment <2 mm accumulating within the artificial redds comprised of 

55% (Heywood and Walling, 2007). 
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The organic content of the sediment in this study ranged fom ~14-16% which agrees with 

results from previous River Avon studies which found that ~16% of sediment comprised 

organic matter (Heywood and Walling, 2007). Suspended solid measurements and organic 

content values did not vary between the sites, therefore these variables were unlikely to 

differentially affect the incubating eggs in the artificial redds or the ability of contaminants 

to bind to the sediment. Suspended solids from this study ranged from ~2-20 mg l-1which 

is much lower than previous values from the River Avon where suspended sediment 

concentrations ranged from nearly 45mg/l to 260 mg l-1 (Heywood and Walling, 2003). 

 

 

3.4.3. Spawning Habitat Contaminants 

 

When the pesticide and polycyclic aromatic hydrocarbon (PAH) profiles of the water 

samples were investigated, there were few inter-site variations, which could account for 

these differences in egg survival. The concentrations of contaminants measured in the 

water samples varied greatly within and between sites. Triazines were detected in water 

samples and for one sample date only, very high concentrations of desisopropylatrazine 

were observed at all five sites. Although unusual, as the parent compound atrazine is 

currently banned in the UK, the methodology should have eliminated the chance of 

contamination. Previous data (EA, 1997-2005) also found greater concentrations of 

atrazine metabolites (DIA) compared to the parent compound, but not at concentrations 

(~100-160 ng l-1) as high as this study (~2000-8000 ng l-1). This could indicate that there is 

still some illicit use of atrazine considering the levels of the metabolite DIA are so high. 

However this extremely high concentration was only observed during one sampling event 

which may indicate that another factor, such as heavy rainfall prior to the sampling, may 

have been acting. Most of the PAH compounds which were examined were found to be 

present in the water samples. Most of the organochlorines examined were never detected in 

the water samples. Beta lindane was very occasionally detected at two of the sites; Nadder 

1 and the Avon site. It was detected only once per site at 50 ng l-1at the Nadder 1 site and a 

70 ng l-1at the Avon site. Pentachloronitrobenzene was detected on two occasions at the 

Avon site at 65 and 100 ng l-1. It was never detected again or at any other site. DDT was 

banned many years ago but still occurs, along with its metabolites, in many freshwater 
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sediment since it can be stable and be environmentally persistent (Hartwell, 2008). DDT 

was never detected in the water samples from the sites apart from once at the Avon site, 

with concentration of 60.4 ng l-1. Mecoprop, MCPB and PCP were all detected in the water 

samples but again, at concentrations much higher than previous studies (EA, 1997-2001). 

This may indicate that levels of some waterborne pesticides have increased since 2001 in 

the River Avon and its tributaries due to changing land use. 

 

The sampling method used in this research only accounts for the concentrations of a 

particular contaminant at a given time. It is known that pesticide concentrations can 

increase greatly following a spraying event (Davies et al., 1994a) or a rainfall event (Gao 

et al., 1997), as well as the combination. Therefore these discrete concentrations measured 

may not give an accurate indication of the contamination of water in spawning gravels. 

Therefore, in environments where the contaminantion concentrations may vary over time, 

passive sampling methods may give a more realistic representation of the contamination 

levels (Stuer-Lauridsen, 2005). Arthur and Pawliszyn (1990) introduced the Solid Phase 

Micro Extraction (SPME) passive sampler which can now be used to distinguish between 

dissolved and bound fractions of organic pollutants in the environment (Mayer et al., 

2003). The Chemcatcher® is another commercial passive sampler which has been shown 

to have advantages over spot sampling (Lobpreis et al., 2010). 

 

However, there were inter-site differences in the sediment-bound pesticide and PAH 

concentrations. In particular, sediment-bound triazines and PAHs differed between sites. 

High concentrations of PAHs were found in the sediment samples. These are higher than 

reported for some regions of Europe (Cachot et al., 2006) and worldwide (Yang, 2000) but 

not compared to other areas (Umlauf and Bierl, 1987; Gevao et al., 1998; Honnen et al., 

2001; Lima et al., 2003; Hilscherova et al., 2007). However, there were major site 

differences in the sediment PAH concentrations found in the fraction with a diameter less 

than 63µm. It has been suggested that sediments containing high organic content might 

favour accumulation of PAHs (Yang, 2000). However there was no significant inter-site 

variation in the organic content in this study, so this is unlikely to have effected the 

accumulation of sediment-bound PAHs.  
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Virtually all of the PAHs examined occurred in all of the sediment samples. PAHs are a 

class of structurally diverse molecules. The majority of the PAHs in environmental 

samples are anthropogenic in origin (Krein and Schorer, 2000). PAHs enter the 

environment from a variety of sources including municipal waste, industrial effluents, 

petroleum spills, creosote oil, and automobile exhausts for example (Neff, 1979). Although 

most combustion-derived PAHs are deposited close to their source, atmospheric transport 

can disperse considerable amounts of PAHs. Once PAHs enter the environment they can 

partition between water and sediments. The hydrophobic properties of PAHs mean that 

they tend to accumulate on surfaces or in non-polar matrices. In aquatic environments they 

bind strongly to sediment particles. Umlauf and Bierl (1987) showed that sediment 

particles less than 63µm in diameter are particularly enriched with PAHs. Particle-bound 

PAHs have a short-residence time in the water column before they are delivered to the 

bottom sediments. They can be degraded or subjected to long-term retention (Gevao et al., 

1998). However, since sediments are sinks and reservoirs of genotoxic PAHs, natural and 

anthropogenic perturbations may re-dissolve or re-suspend sediment-bound PAHs, and 

cause continual, long-term exposure to salmon and other aquatic populations that inhabitat 

or migrate through these contaminated freshwater, estuarine and marine ecosystems 

(Barbee et al., 2008). PAHs are mutagenic and can be toxic to fish embryos (Incardona et 

al., 2004) where they have been implicated in causing yolk-sac oedemas due to 

cardiovascular changes causing peripheral circulatory failure and cell death in the vascular 

endothelium. Yolk sac oedemas were observed in the only surviving alevins from one of 

the River Nadder sites, although the levels of PAHs measured at this site were not higher 

compared to the other sites. Alevins from one of the River Wylye sites also displayed yolk 

sac oedemas, where there were slightly higher levels of sediment-bound PAHs. However, 

only alevins from this River Wylye site survived, as one hundred percent mortality was 

noted at all the other sites in the second trial so no comparisons could be made. 

 

Simazine and cyanazine were rarely detected in the sediments whereas propazine, atrazine 

and atrazine derivatives were detected more frequently. Meakins et al. (1995) found 

triazine compounds in the sediments associated with saltmarshes but suggested that the 

triazines, because of their high water solubilities and moderate ability to adsorb onto soils, 

were associated with pore water. However, Dagnac et al. (2005) did find atrazine in some 

dried agricultural soils in the Paris Basin. So it is possible that the sediment-bound 
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triazines do not persist in freshwater sediments due to their high water solubilities therefore 

concentrations would be expected to be low or not detected. However, other studies have 

found low concentrations of sediment-bound triazines in soil samples (Kulikova and 

Perminova, 2002) as well as sediment samples (Ahel et al., 1992; Mersie et al., 1998). 

 

Organochlorine pesticides were also detected in the sediment samples. β-Lindane and 

pentachloronitrobenzene were detected in every sediment sample. Other compounds, such 

as dieldrin and heptachlor were also detected in some of the sediment samples. Several of 

these compounds have not been used for decades. However, they tightly bind to sediments 

and can be environmentally persistent. Parker et al. (2000) also found several OCPs in 

sediments in Arizona decades after they were no longer being used.  In the present study, 

small peaks appeared where DDT and its metabolites would appear representing an 

occurance but at low levels. Yang (2000) also found that levels of organochlorine 

pesticides in sediments were generally low. Compounds such as Lindane were barely 

detectable (Yang, 2000). Although DDT is no longer in use it can be transported from 

deeper, and more ancient sediment layers, by the activity of benthic animals. This 

bioturbation by benthic animals can actively transport particles, and associated 

contaminants, to surface layers from deeper layers. Research by Karickhoff and Morris 

(1985) found that tubificid oligochaetes transported 90% of hexachlorobenzene and 

pentachlorobenzene to the sediment surface from a previously uniformly mixed sediment 

over a 50 day period. 

 

No clear relationship between the sediment-bound pesticide and PAH contents and egg and 

alevin survival at the field sites was apparent. For example, one of the Wylye sites (Wylye 

1) had very high sediment PAH concentrations and also detectable levels of sediment-

triazine concentrations and very poor egg and alevin survival. However, egg and alevin 

survival was also poor at the Avon site but sediment PAH and triazine contents were lower 

here than at the Wylye 1 site. Therefore no conclusive acute effects of sediment-bound 

contaminants were observed in the field study. It is possible that other factors are also 

operating which makes it difficult to assess if the sediment-bound levels of contaminants 

directly affect salmonids. Therefore laboratory trials should be used to determine the 

effects of sediment-bound contaminants once they are in isolation from other variables. 
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3.4.4. Field Trials 

 

The field trials gave an indication of the survival success of salmonid eggs at the field 

sites. Interestingly, the eyed eggs used in the second trial did not have a greater survival 

success than the considered more vulnerable newly fertilised eggs (Crisp, 1988). Some 

sites, such as the River Avon and Wylye 1 site had 100% mortality in the first two field 

trials; and there was no survival in any of the sites for the final trial. However, previous 

research also found that some survival rates were low for implanted eyed eggs in the River 

Wylye, River Nadder and River Avon (Heywood and Walling, 2007) where in 20% of the 

cases, survival was less than 10%. It may be possible that in the artificial redds, fine 

sediment becomes trapped within the egg boxes, and the fine mesh does not allow for it to 

infiltrate back out. Therefore a greater proportion of fines could promote mortality (Meyer 

et al., 1993; O’Connor and Andrew, 1998; Peterson and Metcalfe, 1981; Peterson and 

Quinn, 1996a) as this would also decrease the oxygen content (McNeil and Ahnell, 1964; 

Guerrin and dumas, 2001b; Malcolm et al., 2003b) and not accurately reflect a scenerio in 

a natural redd. However, Lacroix (1985) noted during a study that the cylindrical egg box 

used did not show any significant difference from that of a natural red. It did not adversely 

affect or favour survival. It is possible that the survival of the eggs is also related to the 

species used for the trial. The final year where 100% mortality was observed, Salmo trutta 

eggs were used and in previous years when Salmo salar eggs were used the survival was 

generally much greater. This could potentially suggest that Salmo salar is a fitter species 

than Salmo trutta and more likely to survive in the natural environment. 

 

The eggs which survived the field trials were analysed for morphometric and biochemical 

variations. There were a few noted inter-site variations for field trial one and two. For the 

first field trial, eggs from the River Nadder had greater weights, volumes and surface areas 

compared to the eggs from the River Wylye. A larger egg size can be disadvantageous in a 

natural environment. A study by Rombough (2007), suggested that they are at a selective 

disadvantage under hypoxic conditions, which could arise as a result of eutrophication. 

However, River Wylye eggs had a greater surface area to volume ratio. A larger SA:Vol 

would be considered to generate a more effective exchange with substances in 

environmental waters, which could be potentially disadvantageous to the eggs (Finn, 

2007). Therefore a smaller SA:Vol may protect the egg from contaminants present in the 



Organic Contaminants in Salmonid Spawning Grounds 3 
 

115 
 

water. SA:Vol  ratios found in this study are similar to those of other studies (Imanpoor et 

al., 2009). 

 

Protein levels were greater in the older eggs, which is not expected as normally it is broken 

down in to free amino acids during development (Srivastava et al., 1994). Therefore it is 

possible that the eggs were not metabolising efficiently. However, it has been suggested 

that an increased metabolism may not be an advantage for survival. A study by Peer et al. 

(1983) looked at the metabolism of fish exposed to sublethal concentrations of PCP and 

found that following exposure, the rate of oxygen consumption decreased with the increase 

in the duration of induced activity. However, unlike the control fish, PCP-exposed tilapia 

also increased the metabolic rate considerably (Peer et al., 1983). The increase in 

metabolic rate suggested that PCP causes an energy waste in the fish. So a potentially 

reduced metabolism in the older eggs may not necessarily be problematic for the 

development as the energy is possibly being used for other aspects of development. 

 

For the second field trial, there was only one inter-site variation observed. The egg water 

content and egg dry weight was both greater for eggs implanted at the River Wylye than 

the River Nadder and the River Avon sites. This may suggest that eggs incubating at the 

River Wylye site may have been more susceptible to potential waterbourne contaminants if 

the greater water content was a result of a greater influx from the surrounding water. The 

chorion has been shown not to provide a protective barrier against some contaminants 

(Wiegand et al., 2000). So therefore a greater influx of water may result in a greater 

accumulation of available contaminants. 

 

3.5. Conclusion 

 

Clearly, the environment within a salmonid redd is both dynamic and complex with a 

number of factors operating together to reduce the survival and modify the development of 

the salmonid eggs. For instance, there are likely to be complex interactions between 

hyporheic water dissolve oxygen concentrations, water contaminants and also the 

sediment-bound contaminants at field sites affecting early life stages. The physico-

chemical parameters and nutrient loading of the sites could also influence the survival and 

development of the salmonid eggs. 
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Water-borne and sediment-bound contaminant levels were measured at five different sites 

in order to ascertain whether there was inter-site variation and to monitor the condition of 

natural salmonid spawning sites. All sites were known to support wild salmonid 

populations, although some variation between the sites was observed. Inter-site variation 

may have been attributed to the location of the sites and the adjacent land-use. Unlike 

previous studies (Harris, 1973; Lacroix, 1985; Einum, 2000) the survival of the implanted 

eggs into the riverbed was generally low, with complete mortality at some sites in some 

years. The controls which ran during the exposure time had very good survival, which 

indicated that the eggs used for the trials were healthy and viable. However, during a field 

trial it is very difficult to control the conditions and to ascertain an exact cause for high 

mortality rates. There are many variables which may have resulted in low survival rates 

which could include predators, siltation or even mechanical shock whilst implanting the 

eggs. However, it has been suggested that eggs may be handled during the first few 

minutes, following activation, without an increase in mortality (Jenson and Alderdice, 

1983). However, high mortalities have been associated with newly fertilised eggs 

(Turnpenny and Williams, 1980) and it’s considered that eggs are less sensitive to 

mechanical shock after the eyeing stage (Crisp, 1988). These field trials did, however, use 

both green eggs and eyed eggs. The year demonstrating the worst survival was the only 

year which used Salmo trutta eggs, rather than Salmo salar eggs. An explanation could be 

that Salmo species vary in survival rates during the early stages of development. Jensen 

and Johnsen (1999) did find that water temperature was a limiting factor for the survival of 

Salmo trutta at emergence compared to Salmo salar. Perhaps Salmo salar eggs are better 

adapted to surviving at colder temperatures and therefore were more successful during the 

field trials. However, the early life stages of salmonids mortality is generally high and 

potentially can occur at high rates during the egg stage (MacKenzie and Moring, 1988). 

 

To ascertain the direct effects of the measured levels of water-borne and sediment-bound 

contaminants it will be necessary to eliminate the other variables which are apparent 

during the field trials. Laboratory trials will isolate the eggs from other factors which are 

acting on the survival and development of salmonid eggs. Therefore it will be possible to 

monitor the actual effects of the contaminants, at environmentally relevant levels, on the 

early life stages of salmonids. 


