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Abstract: Agricultural practices have the potential to influence hyporheic exchange through increased fine sedi-
ment loads and through reduced hydraulic conductivity, bed roughness and morphological diversity. These impacts
can reduce connectivity between stream and hyporheic waters to the detriment of salmonid embryos. Salmonids
bury their eggs in streambed gravels, typically to depths of up to 300 mm and for incubation periods of up to 6
months. Embryo survival is dependant on a complex range of factors which critically includes the delivery of oxy-
gen from surface waters. This paper investigates hyporheic zone exchange processes, oxygen concentration and
embryo survival in a canalised agricultural stream at a range of nested spatiotemporal scales. Results are contrasted
with those from the Girnock Burn, a relatively undisturbed catchment. Conservative tracer experiments were used
to assess reach average hyporheic exchange using the USGS OTIS model. Artificial redds were used to assess reach
scale variability in hyporheic processes. Incubation stacks were used to assess embryo mortality and hyporheic
water quality with depth at the scale of individual redds. Optodes (optical dissolved oxygen sensors) were used at a
sub-set of sites to assess fine scale temporal variability in hyporheic oxygen and temperature. Stream and hyporheic
hydrochemistry were used to infer source water contributions and provenance. Data showed that reach average
hyporheic exchange in the Newmills Burn was ca. five times less than in the Girnock Burn. Dissolved oxygen
(DO) concentrations related strongly to spatiotemporal patterns of groundwater (GW) discharge. Embryo survival
was significantly correlated with DO. It is suggested that low DO in the Newmills Burn relates to groundwater
upwelling and limited hyporheic exchange caused by a combination of low morphological diversity, hydraulic
conductivity and bed roughness. It is suggested that future studies of embryo survival should look beyond the single
issue of fine sediment effects to include a broader understanding of hyporheic zone processes.

Key words: fine sediment loads, bed roughness, reduced hydraulic conductivity, oxygen concentration, ground-
water, surface waters, optodes.

Introduction

In recent years there have been major advances in
hyporheic sampling methods (Malcolm et al. 2004,
Zimmerman & LaPointe 2005, Fritz & Arntzen 2007,
Malcolm et al. 2009, Soulsby et al. 2009) and model-
ling approaches (Storey et al. 2003, Cardenas & Wil-

son 2006, 2007, Boano et al. 2009). These advances
have improved understanding of controls on hyporheic
exchange at spatial scales ranging from small catch-
ments (Malcolm et al. 2005) to reaches (Malcolm et al.
2003, Conant et al. 2004, Schmidt et al. 2006), partic-
ular geomorphic units (Cardenas & Wilson 2007) and
specific micro-scales (Vollmer et al. 2002). Similarly,
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temporal scales ranging from inter-annual (Soulsby et
al. 2009) to individual hydrological events (Malcolm
et al. 2006) have been examined. Surface water ex-
change with the hyporheic zone is known to scale with
bed roughness (Packman et al. 2004), permeability
(Packman & Salehin 2003), water velocity (Packman
et al. 2004), bed morphology (Tonina & Buffington
2007) and local groundwater-surface water interac-
tions (Malcolm et al. 2004, 2006, Cardenas & Wilson
2006, Boano et al. 2009). Many insights have been de-
livered through the study of hyporheic environments
in relatively undisturbed systems where processes are
not grossly affected by anthropogenic activity. How-
ever, applying new methods and improvements in
process understanding to situations with higher levels
of human impact allows greater understanding of the
hydro-ecological functioning of these environments
and also the potential for remediation (Hancock 2002,
Kasahara & Hill 2006, Sarriquet et al. 2007, Meyer et
al. 2008).

Agricultural practices have the potential to influ-
ence hyporheic exchange at a range of spatial and
temporal scales through increased fine sediment loads
(Soulsby et al. 2001a, Hancock 2002) and through re-
duced hydraulic conductivity (Kasahara & Hill 2006,
Crenshaw et al. 2010), bed roughness and morphologi-
cal diversity (Gooseft et al. 2007). These impacts have
the potential to reduce connectivity between stream
and hyporheic waters to the detriment of stream ecol-
ogy. The health of salmonid fish populations is con-
sidered to be adversely affected by many of these
agricultural impacts because of the fishes’ reliance on
sub-streambed habitat during the egg incubation stage.
In spite of this, many agricultural catchments still sup-
port abundant local populations of salmonids (Soulsby
et al. 2001a). As a consequence, a greater understand-
ing of hyporheic processes and their influence on em-
bryo survival and juvenile recruitment is required to
inform evidence based fisheries management in stream
environments that are affected by agriculture.

During spawning, salmonid fish bury their eggs in
the hyporheic zone in composite nest structures known
as redds, typically to depths of between 0.05 and 0.5 m
(DeVries 1997). Survival in the protracted period be-
tween spawning time and the emergence of free swim-
ming juvenile fish (up to six months) is dependent on
a complex range of physical, biological and chemi-
cal processes that are discussed in detail elsewhere
(Malcolm et al. 2008). Critically however, survival is
dependant on the delivery of oxygen and removal of
metabolites from the redd environment which in turn
depends on hyporheic exchange. Immediately after

spawning the open gravel structure and the morpholo-
gy of the redd promotes surface water exchange. How-
ever, the persistence of these features is typically short
lived as high discharge events alter redd morphology
and cause fine sediment intrusion returning the redd
towards the pre-spawning streambed condition (Peter-
son & Quinn 1996a, Soulsby et al. 2001a).

Most studies of salmonid embryo survival have fo-
cussed on the impact of fine sediment intrusion (Ever-
est et al. 1987, Chapman 1988, Jensen et al. 2009).
While sediment intrusion potentially reduces hypo-
rheic exchange and therefore embryo survival, an in-
creasing number of studies have highlighted the limi-
tations of focussing on this single variable (Sowden
& Power 1985, Peterson & Quinn 1996b). Instead, a
complex suite of factors influences the hyporheic pro-
cesses that affect embryo survival (Groves & Chandler
2005, Greig et al. 2007, Malcolm et al. 2008).

This paper investigates the temporal and spa-
tial variability of hyporheic exchange processes in a
canalised reach of the Newmills Burn, an agricultural
tributary of the River Don, Scotland. The importance
of hyporheic exchange processes for streambed oxy-
gen availability and salmonid embryo survival are as-
sessed at spatial scales ranging from reach scale to the
micro-scale typically associated with egg pockets. The
results are compared with those from a surface wa-
ter dominated reach of the Girnock Burn, a relatively
undisturbed catchment of the neighbouring River Dee
which represents a best case scenario for hyporheic
exchange and embryo survival.

Specifically this paper aims to: (1) characterise
hyporheic exchange in the Newmills Burn at nested
spatial and temporal scales relevant to understanding
embryo survival (2) assess the influence of hyporheic
exchange processes and water quality on embryo mor-
tality (3) assess the potential influence of land man-
agement practices on hyporheic exchange and embryo
survival through a comparison of the Newmills and
Girnock Burn study sites.

Material and methods

Field sites

The study focussed on a set of five test locations in the New-
mills Burn, an agricultural tributary of the River Don, North
East Scotland . For comparative purposes, a more limited study
of a single site on the relatively undisturbed Girnock Burn on
the River Dee was conducted. Both sites lie within the Aber-
deenshire district of North East Scotland (Fig. 1).

The environmental characteristics of the Newmills (Souls-
by et al. 2001a, Petry et al. 2002, Malcolm et al. 2003) and
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Fig. 1. Map showing the location of the
study catchments and reaches.
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Girnock Burn (Moir et al. 1998, Malcolm et al. 2005, Souls-
by et al. 2007) catchments are described in detail elsewhere.
Briefly however, the Newmills Burn is a low lying catchment
covering an area of ca. 25km? ranging in altitude from 50 to
236 m. The solid geology is composed of psammite and pelite,
overlain by glacial till and meltwater deposits. Landuse is pre-
dominantly arable farming with some smaller areas used for
livestock. The channel was straightened and deepened over
190 years ago. Consequently, the study reach has a simple bed
with limited morphological variability and a relatively uniform
channel cross section 1.5-2m in width. The Dy, (median size)
of spawning gravels is ca. 11 mm, with 23 % of sediment com-
posed of particles <2 mm, although most of this material con-
sists of course sand (Moir 1999, Soulsby et al. 2001a).

The Girnock Burn is an upland tributary of the River Dee. It
covers a catchment area of ca. 30 km” ranging in altitude from
230 to 900 m. The geology is composed primarily of granite and
schist overlain by glacial and fluvioglacial deposits. Landuse is
dominated by heather moorland, with small areas of commer-
cial and semi-natural forest in the lower catchment. Spawning
gravels at the study site have a D, of ca. 21 mm (Moir 1999)
with less than 10 % fines <2 mm. The channel width within the
study reach spans up to 8 m and is highly dynamic, consisting
of pools, riffles and bars. Previous work at the reach used in
the present study show that it is surface water dominated with
high embryo survival rates (Malcolm et al. 2005, Soulsby et
al. 2009). Taken together, the morphological, sedimentary and
hydrochemical characteristics of the site represent a best case
scenario for hyporheic exchange and embryo survival provid-
ing a potentially informative contrast to the Newmills Burn
study reach.

Methods

Because hyporheic exchange and water quality influence em-
bryo survival at a range of spatial and temporal scales, and
because no single methodology is capable of characterising
exchange at the relevant range of scales, multiple sampling
methods were deployed in a stratified approach. At the coars-
est scale, reach averaged hyporheic exchange was characterised
using a single base flow application of the USGS OTIS model.

At progressively finer scales, variability in hyporheic exchange
and water quality at the reach scale was assessed through hy-
drochemical sampling of multiple artificial redds (Newmills
only). Within redd variability was assessed using stratified hy-
porheic samplers. At the finest spatial (<25 mm) and temporal
(15 minute) scales variability was assessed using Anderaa™
DO optodes.

Reach average hyporheic exchange (conservative
tracer studies)

Conservative tracer studies were used to determine reach av-
erage hyporheic exchange. The procedures were standardised
to summer baseflow conditions and carried out using a modi-
fied version of the approach described by Webster & Ehrman
(1996). Data were input to the USGS (United States Geologi-
cal Survey) OTIS (One-Dimensional Transport with Inflow and
Storage) model. Details of the OTIS model, its assumptions and
limitations are provided in detail elsewhere and are beyond the
scope of this paper (Bencala & Walters 1983, Stream Solute
Workshop 1990, Runkel 1995, Harvey et al. 1996, Runkel 1998,
Harvey & Wagner 2000, Runkel 2000, Gooseft et al. 2003).
However, in general terms the OTIS model assumes that solute
transport occurs by a combination of advection, dispersion and
storage. The ratio of storage area (As) to channel area (A) gives
an estimate of the level of storage averaged over the reach, and
assuming limited in-channel storage, estimates the degree of
short residence hyporheic exchange. The model was manually
fitted by the trial and error approach described by Bencala &
Walters (1983) and The Stream Solute Workshop (1990). Initial
parameter estimates were based on field observations, which
were later optimised according to a range of feasible values re-
ported in the literature. The experimental Damkohler number
(Dal), a measure of the balance between down stream processes
and storage processes was used to assess the reliability of pa-
rameter estimates and determine the reach length to be used at
each site (Wagner & Harvey 1997, Harvey & Wagner 2000).
Accordingly, due to differences in channel characteristics, trac-
er data from 50 m were used for modelling hyporheic storage
in the Newmills Burn, while a 100 m length was used for the
Girnock Burn. Parameter estimates from OTIS were used to es-
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Fig. 2. Design and deployment of hyporheic incubators and DO optodes in artificial redd structures (after Youngson et al. 2005,

Malcolm et al. 2008).

timate average hyporheic extent using approaches suggested by
Harvey & Wagner (2000). Together these approaches provided
a first approximation of reach averaged hyporheic storage and
a means of comparing short residence hyporheic exchange be-
tween the two study streams.

Reach and redd scale variability in hyporheic
exchange and water quality (artificial redds and
incubators)

Hyporheic hydrochemistry and embryo survival (see below)
were measured at five artificial redd locations within a 120 m
section of in the Newmills Burn and at a single location on the
Girnock Burn using methodologies described previously (Mal-
colm et al. 2008). Artificial redds were constructed at previous
spawning locations identified using historical redd maps. Con-
struction took place approximately one week prior to spawning
time (November 2006). At spawning time, vertically stratified
(12 containers, 25 mm in height) incubation chambers were in-
serted into the artificial redds (Fig.2). Containers were lined
with a 1 mm plastic mesh and contained a colour coded 4 mm
i.d. Nalgene™ hyporheic water sampling tube which led to the
stream surface. Monitoring in the Newmills Burn took place
between 14/11/2006 and 20/02/2007 reflecting spawning time
and estimated hatch time, respectively. The starting date for the
Girnock Burn was the same but monitoring took place over an
extended period until 27/03/07 to accommodate the lower tem-
peratures and consequently slower embryo development.
Hyporheic water sampling took place at approximately
fortnightly intervals between spawning and hatch. Dissolved
oxygen (DO) concentration and temperature were measured in
the field using a Pre-Sens™ Fibox3 oxygen meter connected to
a 2mm DO micro-sensor and a thermistor. Water samples were
returned to the laboratory for analysis of major cations (Ca,
Mg, Na, K, NH,), anions (NO;, Cl, SO,, NO,), total dissolved
N, P and DOC. Hydrochemical variables were used to infer
the temporal and spatial variability of source water contribu-

tions to the hyporheic zone and to infer the nature of hyporheic
exchanges.

Fine scale variability in hyporheic exchange and
water quality (DO optodes)

Continuous measurements (15 minute resolution) of DO and
temperature were obtained in surface water and at depths of
150 and 300 mm at a sub-set of two artificial redds on the New-
mills Burn (NM1 and NM2) and the single artificial redd on the
Girnock Burn using Aanderaa™ DO optodes (Model number
4175) (Malcolm et al. 2006, 2008, Soulsby et al. 2009). Equip-
ment was cross-calibrated prior to deployment. The DO output
was used to supplement measurements made by the fortnightly
spot sampling. Temperature measurements provided additional
information on hyporheic exchange to supplement hydrochemi-
cal data.

Embryo survival

Twenty water hardened Atlantic salmon (Salmo salar) eggs
were inserted into alternate compartments of the vertically
stratified incubators at depths ranging from 50-300 mm. Eggs
for the Newmills Burn were obtained from the River Don hatch-
ery at Newe. Eggs for the Girnock Burn were obtained from the
Marine Scotland (formerly Fisheries Research Services — FRS)
experimental facility at Littlemill on the Girnock Burn. Eggs
were produced from a single male x female pairing. Incubation
chambers were also placed in surface water fed containment
facilities to control for hyporheic water quality effects. Surface
water temperature data from the sites were input into the em-
bryo development model of Elliot & Hurley (1998) to estimate
hatch dates. When embryos were estimated to be close to hatch
the incubators were removed from the stream bed for counting
of live and dead eggs. Although the Elliot and Hurley model
was actually developed for sea trout, it was felt that it was ad-
equate to provide indicative hatch dates given the similarity of
temperature-growth responses between the species.
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Statistical analysis

Hydrochemical data were used to infer source water prove-
nance and hyporheic exchange processes. Stream and hyporhe-
ic hydrochemical data were included in a Principle Component
Analysis (standardised data) to identify co-varying parameters
and simplify interpretation of the complex suite of determi-
nants. Components 1 and 2 were used in the analyses as these
explained most of the variability. Bi-plots of Components 1
and 2 were used to assess inter-site variability in source water
contributions and hyporheic zone processes; temporal plots of
Component 1 scores were used to assess temporal variability.
Newmills and Girnock samples were included in separate PCA
analyses because inter-catchment differences in hydrochemis-
try were greater than within site differences.

A generalised linear model (GLM) was used to assess the
relationship between mean DO concentrations and embryo sur-
vival rate. Because the data were overdispersed, (scale = 10.8)
analyses were carried out using a quasibinomial GLM. The sig-
nificance of the mean DO concentration was determined using
an F test (Zuur et al. 2007). The explanatory power of different
predictor variables (DO % sat. and DO mg 1"') was assessed by
examining residual deviance in the models and AIC scores. All
analyses were carried out in the software package R, version
2.9.1. (R Development Core Team, 2009)

Results

Reach scale hyporheic exchange - conservative
tracer experiments and modelling

Measured and modelled conservative tracer concentra-
tions for the Newmills and Girnock Burn are shown in
Fig. 3. A marked difference was observed in the shapes
of the response curves indicating differences in hypor-
heic exchange. In the Newmills study site the solute
response was essentially step-wise and constrained to

T T T
15:21 15:50 16:19

Time

T T
14:24 14:52

Table 1. Output from PCA analysis of Newmills Burn hydro-
chemical spot samples (NM1-5). Component loadings and pro-
portion of variance explained by components 1 and 2 (PC1 and
PC2).

PC1 PC2
Proportion of variance explained 0.50 0.19
Na -0.32 0.07
NH, -0.10 —-0.45
K —-0.17 -0.55
Mg 0.33 -0.15
Ca 0.38 -0.06
Cl —-0.35 0.00
NO, —-0.14 -0.17
NO; -0.38 0.19
SO, 0.38 -0.02
Total P —-0.04 -0.59
Total N —-0.38 0.12
DOC -0.16 -0.20

the period of tracer addition, indicating low levels of
short residence hyporheic exchange. By contrast, the
attenuated response of the Girnock site at both the
onset and cessation of tracer application indicated a
greater degree of hyporheic storage.

In general, there was a reasonable fit between ob-
served and modelled tracer responses (Fig. 3). Param-
eter estimates from the fitted OTIS models, calculated
metrics of hyporheic exchange and calculations of
average hyporheic extent are shown in Table 3. The
AJ/A ratio (the ratio of channel area to storage area)
provides a metric indicating the degree of reach aver-
age hyporheic storage (exchange). This was calculated
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as 1.41 for the Girnock site but only 0.18 for the New-
mills site.

To investigate further the implications of the OTIS
outputs for hyporheic spatial extent, the hyporheic
zone dimensions (d,) were assessed according to meth-
ods described by Harvey & Wagner (2000). Reach
average estimates indicated an average spatial extent
of approximately 0.57 cm for the Girnock site (range
0.46-11 cm) but only 0.035 cm for the Newmills site.

Spatial variability in hyporheic exchange (reach
and redd scale)

Table 1 shows the component loadings for the first two
components (PC1, PC2) for the Newmills site. PC1
accounted for 49 % of the variance in the data, PC2
accounted for 18 % of the variance (68 % total). No
single hydrochemical parameter dominates the first
two components. Instead, a number of parameters of-
fer similar levels of loading, with PC1 being positively
associated with Mg, Ca and SO, and negatively asso-
ciated with Total N, NO,, CI and Na. Remaining pa-

Table 2. Output from PCA analysis of Girnock Burn (GB) hy-
drochemical spot samples. Component loadings and proportion
of variance explained by components 1 and 2 (PC1 and PC2).

PC1 PC2
Proportion of variance explained 0.59 0.21
Na -0.36 0.08
NH, -0.15 -0.54
K -0.34 -0.07
Mg -0.35 0.05
Ca -0.35 0.06
Cl -0.36 0.05
NO, -0.07 -0.58
NO, -0.28 0.10
SO, -0.36 0.09
Total P -0.13 0.03
Total N -0.05 -0.57
DOC 0.34 -0.07

rameters showed markedly weaker associations with
PC1. PC2 showed stronger associations with fewer
determinants, being negatively associated with NH,,
K and Total P.

Table 2 shows the component loadings for PC1 and
PC2 for the Girnock analysis. Together these compo-
nents explained 80 % of the variance in the data (PC1-
59 %, PC2-21%). In common with the Newmills
analysis, PC1 was not dominated by any individual
determinands but was positively associated with DOC
and negatively associated with Na, K, Mg, Ca, Cl and
sulphate. PC2 was negatively associated with NH,,
NO, and Total N.

The component scores for PC1 and PC2 were
extracted and plotted as a biplot to investigate spa-
tial variability in hydrochemistry between sites and
depths in order to infer the nature of local hyporheic
exchange. Fig.4 shows biplots of PC1 and PC2 for
Newmills locations 1-5 (NM1-NMS5) and the Girnock
Burn site (GB). NM1 showed clear hydrochemical
separation between surface and hyporheic water at
all depths, with no overlaps between stream and hy-
porheic chemistry. Only the 50 mm sample exhibits
similar characteristics to surface water and this is only
for a single sample. Separation occurred primarily in
relation to PC1, with single samples from 250 and
300mm exhibiting differentiation in relation to PC2.
At NM2 shallow hyporheic samples tended to group
with surface water samples, while deeper samples
(200-300 mm) were characterised by progressively
greater separation and higher PC1 scores. Only a sin-
gle sample at 100 m showed any notable differentiation
in relation to PC2. NM3 was characterised by interme-
diate characteristics to NM1 and NM?2, with limited
differentiation between stream and hyporheic samples
on PCI1, primarily at 250-300 mm. NM3 exhibited
greater separation in relation to PC2 than sites NM1
and NM2, but there were no clear patterns with depth.
Stream and hyporheic samples at NM4 exhibited simi-

Table 3. Parameter estimates and derived metrics for OTIS modelling of stream tracer experiments in the Newmills and Girnock

study sites.

Parameter estimates and metrics

Newmills Burn Girnock Burn

Discharge (Q, m*s™)

Channel x-sectional area (A, m?)
Storage zone x-sectional area (A, m?)
Dispersion (D, m’s™")

Exchange co-efficient (u, s™)
Damkohler number (Dal)

As/A

Average hyporheic dimensions (ds, m)

0.019 0.095

0.1 0.523

0.018 0.740

0.001 0.04

0.001 0.0002

2.16 0.24

0.18 1.41

0.00035 0.0057 (0.0046-0.11)
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lar PC1 scores with the exception of 300 mm samples,
which were generally characterised by higher scores.
Again there was some separation on PC2, but this did
not show clear spatial patterns. NM5 showed no clear
differentiation between stream and hyporheic water
quality on PCI. A single sample from 100 mm showed
differentiation in relation to surface water samples on
PC2. For the Girnock Burn site, component scores pri-
marily separated samples according to sampling date
and consequently hydrological conditions at the time
of sampling. Surface water samples spread almost the
entire range of PC1 and PC2 scores and there were no
clear spatial differences in water quality.

Temporal variability in hyporheic exchange (reach
and redd scale)

PCI1 scores were plotted against sampling date and
discharge for each of the 6 locations (NM1-NMS5 plus
GB) to reveal spatiotemporal variability in stream and
hyporheic hydrochemistry (Fig. 5). At NM1, an initial
sample in mid-November showed depth related gra-
dients in PC1 scores. However, hyporheic gradients
were reduced over the subsequent two sampling occa-
sions and by the third sampling occasion all hyporhe-
ic samples exhibited similar PC1 scores which were
distinct from surface water. Depth related gradients in
PC1 scores were re-established on the final sampling
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occasion towards the end of February where sampling
followed the highest discharge event of the winter
period. NM2 was characterised by gradients in PC1
scores particularly between 150 and 300 mm, with
stream and hyporheic water characterised by similar
scores at depths <150 mm. Samples taken from 250
and 300 mm were characterised by relatively stable
and high PC1 scores; 200 mm samples were more dy-
namic varying between scores typical of surface water

and scores more typical of deeper hyporheic water
(09/01/07 and 21/02/07). NM3 was initially charac-
terised by similar stream and hyporheic scores. How-
ever, after the first sample, stratification by depth was
evident at 200 mm and below. NM4 was character-
ised by a similar chemical signature to surface water
at depths ranging from 50-250 mm with a markedly
different signature at 300 mm. Stream and hyporheic
samples at NM5 were generally similar and followed
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similar patterns of variability. Hyporheic samples
were often distributed either side of surface water
samples in terms of PCI scores. The only notable
differentiation was observed on the 09/01/07 when
the 250 mm hyporheic sampler was characterised by
markedly higher PC1 scores than surface water and
the other hyporheic samples which grouped tightly.
At GB, PCI scores were generally similar between
stream and hyporheic water, with temporal variability

greatly exceeding spatial variability. The only notable
exception was on the final sampling occasion when
depth related separation was evident, particularly at
300 mm where the PC1 score was considerably lower
than other depths.

In general, hyporheic DO concentrations mirrored
PCI1 scores for the Newmills site although gradients
with depth tended to be more apparent (Fig. 6). Sur-
face water DO trended upwards over the monitoring
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period ranging from 86-100 % sat. At the Girnock
site, surface water DO approached saturation through-
out ranging from 96-102 %. At NM1 DO initially
declined with depth, but following the first sampling
occasion DO at all depths declined to <25 % and was
sometimes around 10 %, being greater only at shal-
low depths during the final sampling occasion. DO
concentrations at NM2 showed clear reductions with
depth. Gradients were more marked than those seen
in the PC1 scores with even shallow samples showing
some DO reduction compared to surface water. DO
variability at NM3 and NM4 again closely mirrored
PCI scores with 250 and 300 mm samplers showing
particularly low DO concentrations. NM5 was unusual
in showing markedly different patterns of variability in
PC1 scores and hyporheic DO. While PC1 scores had
closely tracked those of surface water, DO declined
markedly with depth, especially during the early part
of the monitoring period. DO in deeper hyporheic
samplers also increased over time reducing percentage
differences between stream and hyporheic water. DO
concentrations at GB closely tracked surface water,
with the exception of the 20/02/07 and 27/03/07 when
low DO concentrations were observed, primarily be-
tween 200 and 300 mm.

Fine scale variability in hyporheic exchange

Data acquisition from Aanderaa™ optodes was gener-
ally good (Fig. 7). Battery failure resulted in the loss of
all Newmills data between 22/11/06 and 30/11/06 and
technical problems caused the loss of Newmills sur-
face water DO data between 29/12/06 and 23/01/07.
Spot DO samples were used to provide an indication
of surface water DO during the periods of technical
failure. At GB, DO in surface water and at 150 m was
generally close to saturation but several transient pe-
riods of low DO at 300 m corresponded with the re-
cession limb of hydrological events. These were not
identified by spot sampling. At NM1 DO at 300 mm
was consistently near zero, except during the large
event on 11/02/07 when values reached 12 % sat. DO
at 150 m exhibited a high level of temporal variability
which appeared to relate in part to small hydrological
events although patterns of response were inconsist-
ent. At NM2 DO at 300 mm declined from ca. 30 %
to near zero during the first 2 weeks of monitoring.
Thereafter values remained low, rarely exceeding 5 %
Sat.. DO at 150 mm was generally higher than NM1
with concentrations above 60 % for prolonged peri-
ods. Lower DO periods occurred during early January
and mid to late February and in the latter period DO
dropped to around 5 %.

At GB, surface water and 150 mm temperature data
closely tracked each other over the entire monitoring
period. Only small temperature differences (<0.7 °C)
were observed at temperature extremes, particularly
towards the end of the monitoring period (Fig.8).
Temperatures at 300 mm were similar to stream and
150 mm samples during November, but showed
marked thermal moderation from December onwards,
particularly during periods of icing when 300 mm
samples remained up to 1.4 °C warmer than surface
water.

Temperature differences at the Newmills site
were considerably more marked than in the Girnock,
with maximum temperature differences between sur-
face and hyporheic water of up to 6°C (NM1-300)
(Fig. 8). At NMI1, temperatures tended to increase
and exhibit less temporal variability with depth. Dif-
ferences were greatest during periods of low stream
temperature. At NM2, depth related temperature
gradients were weaker and 150 and 300 mm tem-
peratures were more similar to one another than at
NMI1. Towards the end of the monitoring period both
NM1 and NM2 showed a transition from hyporheic
temperatures being higher than stream temperatures
towards being lower.

Embryo survival

Survival in control groups of embryos in surface water
from both the Newmills and Girnock Burns was 100 %.
However, embryo survival in the hyporheic zone var-
ied markedly within NM sites and also between NM
and GB (Fig. 9). All NM sites exhibited some embryo
mortality at the shallowest depth (50 mm) and total
mortality at the greatest depth (300 mm). NM1 was
characterised by 100 % mortality at all depths, NM2
exhibited decreasing survival between 50 and 150 mm
below which all embryos died. NM3 was characterised
by high survival (80-100 %) between 100 and 250 mm,
with total mortality at 50 and 300 mm. NM4 had 90 %
survival at 100 and 150 mm with total mortality at all
other depths. NM5 exhibited unusual patterns of vari-
ability with survival at 50 (45 %) and 150 (100 %) mm
and zero survival at all other depths. GB was charac-
terised by 100 % survival at 50-250 mm and 80 % sur-
vival at 300 mm.

In previous studies, the relationship between DO
and embryo survival in freshwater fish and other spe-
cies has been reported in relation to mass concentra-
tion (mg 1), percent saturation (% sat.) or partial
pressure (mm Hg) (this context is discussed below).
In the present study, the predictive power of both mass
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Fig. 9. Spatial variability in the proportion of embryos surviving to hatch time in depth stratified incubators, located in artificial

redds at NM1-5 and GB.

concentration and percent saturation was tested and
compared. Analysis was carried out on the DO val-
ues from spot sampling and the proportion of embryos
surviving in each of the incubation containers. Data
from NM4-50 were excluded from the analysis be-
cause the sampler was exposed by bed scour and the
ova exposed to mechanical disturbance. Figs 10A and

null deviance, respectively.

B show scatter plots of mean spot sample DO (mg 1!
and % Sat respectively) against survival rate. Fitted lo-
gistic regression models are shown as solid lines. Both
DO mg I'' (F;; 3, =58.71, p <0.001) and % sat. (F, 5
= 55.56, p <0.001) were found to be significant pre-
dictors of survival explaining 63 % and 62 % of the
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Discussion

Hyporheic water quality and embryo survival are in-
fluenced by hyporheic exchange at a range of tempo-
ral and spatial scales (Malcolm et al. 2008). The high
costs of the methods deployed at fine spatial scales
prevented their deployment at sufficient locations to
characterise variability at larger scales. Instead, the
present study aimed to achieve this synthesis by char-
acterising exchange using an additional range of ac-
cessible methods at nested spatiotemporal scales.
Conservative tracer assessments and OTIS mod-
elling suggested low levels of short residence hypo-
rheic exchange in Newmills Burn, with low As/A ra-
tios and a small estimated average hyporheic extent
(ds). Estimates of As/A ratios for the Girnock Burn
indicated that hyporheic exchange (scaled for stream
size) was around five times greater than observed in
the Newmills Burn. For both sites the Damkohler
numbers were within limits (0.1-10) considered ac-

ceptable for reliable parameter estimates by Wagner
& Harvey (1997). The gross differences in hyporheic
exchange indicated by OTIS modelling probably re-
flects a number of differences between the sites. The
Newmills Burn has been canalised and now exhibits
little of the morphological diversity and channel com-
plexity which often drives short residence hyporheic
exchange (Gooseff et al. 2007). The Newmills Burn
is also characterised by small bed material resulting in
low hydraulic conductivity and further reduction in the
potential for exchange (Storey et al. 2003, Schmidt et
al. 2006, Leek et al. 2009, Kalbus et al. 2009). Finally,
the combination of small bed material and fine sedi-
ment deposition results in low bed roughness lowering
potential for turbulent exchange (Vollmer et al. 2002,
Packman et al. 2003, 2004).

Hydrochemical tracers provided a useful method
for assessing spatio-temporal variability in hyporheic
exchange at the sub-reach scale. Although single hy-
drochemical tracers such as alkalinity and electrical
conductivity have proved useful for source water dif-
ferentiation in the study of upland streams (Soulsby
et al. 2007), the use of a broad suite of hydrochemical
tracers proved necessary to achieve the same purpose
in the agricultural Newmills Burn. Surface water in
the Newmills Burn was generally lower in Mg, Ca and
sulphate and higher in Total N, NO;, Cl and Na than
hyporheic water as indicated by low PC1 scores. This
probably reflects high levels of near-surface, short res-
idence runoff from soils and under drainage contain-
ing low concentrations of weathering derived base cat-
ions (Ca, Mg), but high levels of soil derived nutrients
(Petry et al. 2002, Soulsby et al. 2003) and NaCl from
marine/road salt (Soulsby et al. 2001b). Of the New-
mills sites, only NMS5 showed similar hyporheic and
surface water hydrochemistry. NM1 was characterised
by marked deviations from surface water hydrochem-
istry at all depths indicating a strong groundwater in-
fluence, and supported by DO and temperature values.
The remaining NM sites showed intermediate char-
acteristics, indicating similarly intermediate variation
in groundwater influence. The high degree of spatial
variability within the Newmills Burn site is surpris-
ing given its morphological uniformity. However, the
results are in general agreement with those reported at
this and other sites previously (Kiser et al. 2009, Leek
et al. 2009) and probably reflect a combination of het-
erogeneous aquifer (Malcolm et al. 2003, Schmidt et
al. 2006) and streambed (Conant et al. 2004, Kalbus et
al. 2009) hydraulic conductivity.

At the Girnock site, temporal variability in hy-
drochemistry was greater than spatial variability with
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depth. This probably reflects variable source water
contributions to stream flow over the winter sampling
period and the overall dominance of surface water at
the depths examined.

Within individual redd locations there was a gener-
al tendency for hyporheic hydrochemistry (including
DO) to vary with depth. The strength of gradients most
likely reflected the strength of local GW upwelling.
Cardenas & Wilson (2006) and Boano et al. (2009)
have shown that where strong GW upwelling occurs,
surface water infiltration of the streambed is impaired.
These observations align with those for the present
study streams (Malcolm et al. 2006, 2008, Soulsby et
al. 2009). In addition, substantial temporal variability
was revealed by shifts in hydrochemical boundaries in
the spot sample data and/ or by rapid changes in DO
concentrations in the optode data. In common with
previous studies (e.g. Malcolm et al. 2006, Kiser et
al. 2009), rapid reductions in streambed DO concen-
trations were associated with short transients imme-
diately following the recession limb of hydrological
events, probably as a result of increases in GW flux.
Spot sampling was not sufficient to fully characterise
the temporal variability of hyporheic exchange pro-
cesses shown by the high frequency DO data collected
from the optodes (Malcolm et al. 2006).

At Newmills the DO values derived from sampling
generally mirrored hydrochemical PC1 scores, indi-
cating that upwelling of chemically reduced GW was
a dominant control on hyporheic DO. However, DO
gradients were also present at NM5 where the hydro-
chemical data did not indicate a GW influence. This
suggests that in situ sediment oxygen demand caused
local reduction in hyporheic DO. In contrast, spot sam-
pling data at the surface water dominated site on the
Girnock Burn indicated only very limited DO reduc-
tion with depth and then only during the final month
of sampling. This was associated with hydrochemical
separation of other determinants associated with PC1,
suggesting that the dominant effect was temporally
variable groundwater input rather than in-situ oxygen
consumption.

Embryo survival was characterised by complex
spatial patterns. Mortality at the shallowest depth
(50 mm) at NM4 probably reflected mechanical shock
as a consequence of partial scour in the vicinity of the
sampler (Youngson et al. 2005). Elsewhere, however,
a significant positive relationship was observed be-
tween mean DO values and embryo survival.

Previous studies have used different measures of
oxygen to assess critical DO thresholds including
mass concentration (mg 1), percent saturation (%

sat.) and partial pressure (PO,; mm hg) (Davis 1975,
Rombough 1988, Czerkies et al. 2002). However, it is
gradients in PO, that drive O, diffusion rates between
hyporheic water and the interior of the ovum where
oxygen is consumed. Values for PO, are only mar-
ginally affected by changes in temperature because
changes in oxygen content are countered by changes
in molecular activity (Davis 1975). Percentage satura-
tion is closely related to PO, as it describes the devia-
tion from the equilibrium condition for a given tem-
perature and pressure. DO as measured in mg I"' can
vary substantially with temperature due to the vari-
able solubility of oxygen in water, without necessar-
ily having a marked impact on oxygen diffusion and
availability to respiring embryos. At higher tempera-
tures, lower O, mass concentration may limit O, avail-
ability for organisms with correspondingly higher O,
demand. However, at the relatively low temperatures
appropriate to salmonid ova and given their relatively
low O, demand, theory would suggest that PO, (or %
sat.) should be the primary determinant of oxygen de-
livery and therefore embryo survival, especially where
studies extend over a range of sites and temperatures.
In this study we compared the explanatory power of
DO % sat. and DO mg 1" for embryo survival, finding
that they performed similarly. However, this probably
reflected the relatively low variation in hyporheic tem-
perature observed in this particular study.

We observed no survival below 52 % sat. (7.0 mg
I"), with 50 % survival (LCs,) predicted at 69 % sat.
(9.1 mg 1. The critical DO levels reported for em-
bryo survival in this study lie within the range for field
based studies of salmonid embryo survival reported
elsewhere. For example, at the lower end of the range,
Sowden & Power (1985) reported a critical DO value
of 4.3 mg I"! for rainbow trout (Oncorhynchus mykiss),
while at the upper end of the range Rubin & Glimsater
(1996) reported a critical value of 9.9 mg 1™ for brown
trout (S. trutta). However, critical DO levels reported
in field studies are often substantially higher than those
reported in the laboratory. For example, Hamor & Gar-
side (1976) identified a critical DO level (LCs,) of 3.7
mg 1! for Atlantic salmon subject to a 77 day low DO
exposure, while Alderdice et al. (1958) identified an
LC,, of 0.4-0.6 mg I"' over a period of 7 days for chum
salmon (O. keta) depending on the time post-fertilisa-
tion. Some of the variability in critical DO thresholds
will reflect differences in the oxygen tolerance of indi-
vidual salmonid species. However, it will also reflect a
range of other issues associated with sampling and ex-
perimental design such as duration of exposure, stage
of embryo development, temperature, spatial precision
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of sampling and sampling frequency (Malcolm et al.
2008). Whereas previous studies have often used large
depth integrating sample volumes (Malcolm et al.
2009), the small volume samples used in the present
study, were designed to resolve the problems associ-
ated with spatial precision by directly relating DO in
the vicinity of the ova to survival. Similarly, although
coverage was restricted by cost, continuous monitor-
ing of DO by optodes demonstrated the real extent of
temporal variation relative to the generally higher and
more stable levels indicated by spot sampling. Wider
use of continuous monitoring would probably resolve
some of the seeming inconsistencies in reported values
for critical DO levels for survival.

Despite the problems involved in deriving and
interpreting critical DO thresholds, from a practical
perspective, hyporheic sampling provides a useful
method of assessing the general suitability of spawn-
ing habitat given appropriate sampling methods and
frequency. In the absence of continuous logging, high
average DO values may not indicate uniformly favour-
able hyporheic conditions due to the potential for un-
measured low DO episodes, However, consistently
low DO values below critical thresholds are likely to
identify unfavourable hyporheic habitat and the likeli-
hood of associated embryo mortality.

Previous studies of embryo survival have tended
to focus on the single issue of the effects of fine sedi-
ment infiltration (e.g. Jensen et al. 2009). While fine
sediment is undoubtedly an important constraint on
oxygen delivery to streambed sediments, other pro-
cesses including GW-SW interactions, sediment oxy-
gen demand, hyporheic flowpaths and residence times
are undoubtedly in play, On these grounds, it will be
necessary to use a more generalised approach to under-
standing constraints on salmonid embryo performance
and to gauge the potential for functional and sustain-
able restoration of spawning habitat. There has been
increasing interest in the remediation of the hyporheic
zone as part of river restoration or habitat improve-
ment strategies (Hancock 2002, Kasahara & Hill 2006,
Sarriquet et al. 2007, Meyer et al. 2008). Proposed
measures include gravel addition, gravel cleaning and
increased morphological diversity (riffles, steps, pools,
meanders). However, the functional benefits of such
activities can be short lived where, for example, sedi-
ment delivery is not also reduced (Soulsby et al. 2001a,
Hancock 2002, Kasahara & Hill 2006). In general,
therefore, hyporheic restoration may prove practicable
only in the context of management activities instituted
on much broader, catchment-wide scales.
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