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Abstract Stream metabolism studies offer tremendous potential insights into the
effects of climate and landse change on aquatic ecosystems. Both temperature and
habitat complexity (i.e. the physical nature of the stream bed and surrounding
environs) arehought to be important determinants of stream metabolism. In this paper
the authors describe a combined computational and experimental approach for
characterising and quantifying relevant features of stream channels using the concept
of transient storagen this the main channel is enveloped by a transient storage zone,
which is characterised by the volume of stream bed interstices and other stagnant water
regions and the rate at which material is transferred into and out of these regions. By
fitting a madel of stream solute transport, which incorporates these mechanisms (and
parameters), to tracer data obtained from field experiments we can estimate these
parameters for the stream in question. In this paper we use a series of tracer studies
from two small Scottish streams and focus particularly on how tivee transient
storage parametessales wittstream discharge
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INTRODUCTION

Stream metabolism studies offer tremendous potential insights into the effects of
climate and landise change on aquatic ecosystemsstieam habitat complexity (i.e.

the physical nature of the stream bed and surrounding environs) is thought to be an
important determinant of stream metabolism [Crenshaw & Webster, 2002]. Measuring
habitat complexity is rather challenging [Salehin et al, 2003]. The physical stream
habitat (e.g. riffles, backwater pools, glides, plunge pools) is shaped by hydrology,
geolagy and vegetation (both live: situ plants and dead material, e.g. log jams).
Assessing and quantifying the physical stream habitat is usually accomplished by
means of a timeonsuming and expensive visual survey [Kemp et al., 1980{.the
physical haliat complexity should be strongly related to the quantity and
characteristics of stream bed interstices and other stagnant water regions and the
spatial heterogeneity of these features [Zarnetske et al., 2007]. Consider, for example,
the lack of stream Hmgtat complexity in a smooth concrete channel as an extreme case.
The authors have been developing a combined computational and experimental
approach for quantifying the nature and size of stream bed interstices and other
stagnant water regions that ocaumnatural channels; this total volume is often referred

to as the stream transient storage. We propose that the stream physical habitat



complexity might be quantified quickly through correlation with the surrogate
parameters that describe the streamsieamt storageln this paper we describe recent
work on this topic.

Specifically, we describe the combined experimental and computational
methodology for quantifying the stream transient storage. The method starts with a
tracer study in which we introde@ pulse of conductivity into the freshwater stream in
question by adding a small mass of salt (NaCl). We then observe how this conductivity
pulse changes as it moves through the stream by measuring conductivity versus time at
two locations on the strearfigure 2 shows a typical pair of measured conductivity
versus time profiles. Next we take the observed upstream conductivity versus time
profile and predict how it would be altered in shape and translated downstream based
on a theoretical model of streatmansport processes. Finally we optimise the
parameters of the model (main channel velocity and dispersion; transient storage
volume and exchange rate) until we find the combination of parameters that gives the
best agreement with the observed downstreanduactivity versus time profile. By
repeating the experimental and modelling exercises for various streams and flow
conditions we seek to build up a picture of stream habitat complexity in these streams.
Combining results from several streams allows cafiats with gross stream
parameters to be identified. We demonstrate the application of the approach to small
Scottish streams.

Stream solute transport is often modeled using the advedi8persion equation
(ADE). This twoparameter model is charactsd by the stream velocity, u, and the
dispersion coefficient, D, that represent advective and dispersive transport,
respectively. Although these are inherently spatially variable, the model represents the
processes in terms of reach average values. Howthee ADE does not adequately
represent the long and elevated tails found in some observed tracer data, which are
caused by transient storage. Transient storage zones include recirculation areas,
streambed irregularities and bed sediment interstices.si€rdanstorage zones (the
physical manifestation of habitat complexity) are thought to be important for nutrient
cycling and stream metabolism [DeAngeks al, 1995], and have long been
recognised as playing an important role in the transport of dissolvadspended
materials in rivers [Sabol & Nordin, 1978; Valentine & Wood, 1979; Worman et al,
2002]. In the modeling context, the storage zones are characterized by their size (cross
sectional area, & and the rate at which solute mass is transferredaimti out of them
(exchange rateq). Including transient storage in the ADE model gives an enhanced
model that has four characterizing parameters.

The parameters of both the standard and enhanced ADE models may be found by
fitting the model to observedolite concentration data, and by identifying the
parameter values that minimise an appropriate objective function, defined as the
difference between predicted and observed concentrations, we can estimate the
optimum model parameters. However, by their vergture, the models are
implemented using numerical solutions to governing partial differential equations.
When casting models via numerical solutions it is important to use a numerical method
that is known to be free of problems such as numerical diffuaimd grid scale
oscillations. The authors' sefibagrangian method DISCUS (Domain of Influence
Search for Convective Unconditional Stability) is one such approach that has been
successfully applied to a wide range of fluvial scenarios for more than aedecad
[Wallis et al, 1998; Manson & Wallis, 1999; Neelz & Wallis, 2007]. As well as being
accurate, numerically robust and computationally efficient the -kEagmangian



approach is also particularly attractive for optimisation problems because it caters well
for the use of large time steps. The method's complexity and its various computational
nuances can be a barrier to its use by-smerialists, however, the authors have
recently created a user callable function for the popular computational tool, MATLAB,
sothat users may be shielded from some of the technical details, if they so wish.

MODEL DESCRIPTION

The enhanced ADE model then, which describesdimensional solute transport in
steady, noruniform flows in rivers with transient storage is described by
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where c(x,t) is the concentration of solute in the main channel, s(x,t) is the
concentration of solute in the transient storage zone, A is the main channel cross
sectional areax is the longitudinal spatial eardinate and t is time (u, @ and A

have been previously defined). The following boundary conditions are frequently used
with these equations. At the upstream boundargoncentration versus time curve
specifies the solute mass entering the computational domain; at the downstream
boundary a zero diffusive flux is assumed which implies that solute is carried out of
the domain unhindered.

Equations (1) and (2) were solved using a finite volume approach in Gpidte
space stepAx), evaluating the advection term explicitly in time and evaluating the
dispersion and transient storage terms implicitly in tiffilee DISCUS method was
used for the advective term in equation (1) [Wadlisz/, 1998; Manson & Wallis,
1999; Manson & Wall, 2000; Manson et al, 2001] artetCrankNicolson method
was used for the dispersion term and the transient storage term in equation (1) and for
equation (2) because it is unconditionally stable and robust. It is also superior to the
fully implicit methad used previously [Mansoer al, 2001] being second order
accurate in time.

When equations (1) and (2) are solved the solution consists of estimates for c and s
over some discretised spatial and temporal domain(cl:es") for i=1 to N aml n=1 to
T where N is the number of cells in the spatial domain and T is the number of
computational points in the temporal domain. When the model is fitted to data that has
been observed at a downstream location then a fitting parameter may be defined as,
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so that an R value of zero indicates a perfect fit. Only main channel concentration was
used for the fitting, because concentrations in the storage zones were not measured.

The current implementation of the modeédsan existing FORTRAN code which
solves equations (1) and (2) using the techniques described earlier. The FORTRAN
code consisted of a subroutine that takes the concenttatiercurve at an upstream
location and predicts the concentratiome curve at alownstream location subject to



given parameters (u, @, As, N, T, At andAx). The FORTRAN subroutine (discus.f)
was combined with the code required by MATLAB and then compiled using the GNU
FORTRAN compiler (g77) to create object code (discus.o) and then linked with the
Ofmexlib*O object libraries to credte final MATLAB callable function (discus.dll).

The MATLAB function is available from the first author by email. The new function
was employed using MATLABOs fminsearch tool to find the best set of parameter
values [u, Do, AJ which would fit the modegquations (1) and (2) to the tracer data.

FIELD SITE AND TRACER STUDIES

The study area was located within the Glensaugh Research Station of the Macaulay
Institute in northeast Scotland (Long 2v4 330 W, Lat 57% 550 N). The catchment areas of
the studiedstreams (Cairn Burn and Birnie Burn) are < land lie within a 268150
m altitude range. Annual average precipitation and evapotranspiration are 1040 mm
and 300 mm, respectively. The area lies just to the North of the Highland Boundary
Fault, and conias soils of the Strichen Association developed on glacial drifts.

Figure 1: Photograph showing the streams and the surrounding landscape. Streams
are indicated with arrow€airn Burn is to the left; Birnie Burn is to the right.

At the top of the dahment the soils are mainly hill peat (2 m deep on average),
whilst at lower altitudes freelgrained humus iron podzols predominate. The streams,
which are 0.51.0 m wide, drain incised valleys of rounded hilltops (see Fig. 2). Small
surface water flustseon the main hilslope feed the main stream. The catchment is
used for hill farming: mixed grazing of sheep and cattle. The vegetation cover is
predominantly grass and heather with rushes growing in the flushes and bracken on the
hill slope along the stam. The management of the land includes the regular heather
burning (18012% of surface area yearly target).



Several tracer (NaCl) releases were undertaken under stable flow conditiwns
streamsand the eight most reliable data sets were ugednialysesGenerally a 50 L
carboy was partially filled with stream water and several kg of NaCl. The solution was
then injected continuously using a Watson Marlow 504S/RL peristaltic pump.
Sometimes, salt (NaCl) was added to stream water in aebackl a slug injection
performed. Conductivity was monitored below the mixing zone, at the top and bottom
of the studied stream reaches -B® m long) using multiparameter sondes
(YSI600XLM, Yellow Springs, Ohio) and a Campbell conductivity sensor atal da
logger. An independent measurement of discharge was also carried out at the lowest
station of the Cairn Burn (using a calibrated flume, sonic sensor and Campbell data
logger). Discharge estimates from the salt dilution gauging and the flume were
extremdy well correlated, with @me=1.04(+0.01) Qac (r°=0.999; n=6;P<0.0001)
spanning the whole range of flow conditions presented here.
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Figure 2: A typical tracer study result showing the conductivity (corrected to
remove background conductivity) vasstime measured at two locations on the Cairn
Burn. Also shown is the optimised model output.

RESULTS AND DISCUSSION

Eight tracer studies from the Birnie Burn atite Cairn Burn were analysed to
ascertain the required stream ty@m$ parameters (u, Dy, As). Figure 3 shows an
how the exchange parameter varies with stream dischRegultsindicate aweak
power lawrelationshipbetweerthe two variables (r=0.46, n=8)he magnitude of the
exchange parameter iodted residence times in the storage zones on the order of
minutes (525mins) which seems reasonableThis suggests that the exchange



parameter scales wistream discharge. This makes sense physically for two reasons:

(1) at higher flows and Vecities there will be greater turbulent diffusion which will
enhance solute exchange between the main channel and the storage zones and (2) at
higher velocities there will be a stronger and steeper shear layer with a, therefore,
enhanced concentration dgrant driving the exchange.

0.01 -

__.—-/._:

o = 0.0009Q"-2813
R = 0.4623

Exchange parameter,a (1/s)

Stream discharge, Q (1/s)

Figure 3: Values of the exchange parameter plotted against stream discharge
for the two expemental streams.

The storage volume fraction for these streaarged from20% to 40%o0f the main
channel area and wésund to scale inversely with stream dischafge0.835, n=8)
This also makes sensat higher flows(and depths) the transient storage zone (which
is largely in the bed) becomes a lesser fraction of the total flowEreactual storage
volume is likey to be heavily influenced by geomorphology, geology and other factors
independent of flow characteristifStofleth et al, 2007]
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Figure 4: Values of the storage volume parameter plotted against stream
discharge for the two experimahstreams.

CONCLUSIONS

We described a combined computational and experimental approach for
characterising and quantifying the Otransient storag&zionepland Scottish streams.
The zone is characterised by the stream bed interstices and other stagnant water
regions that occur in natural channels in terms of their total volume and the rate at
which material is transferred in and out of these regidhsse regions represent a
multitude of micreenvironments for biota to survive in and hence the volume of these
regions should correlate with habitat complexity. We found that for these streams the
storage zone volume was abd@®6 to 40% of the main chanel area andaries
inversely with flow An exchange parameter describing how fast mass moves in and
out of the storage zonel wasfound tocorrelate (albeit weaklyvith flow. Further
work is required to better understand how combined field experiments and
computational analyses may be refined to better understand such systems.

REFERENCES

Crenshaw C.L., Valett H.M., Webster J.R. (2002) Effects of augmentation of coarse
particulateorganic matteon metabolism and nutrient retention in hyporheic

sediments. Freshwater Biology, 47, 188B1.

DeAngelis, D.L., Loreau, M. & Marzolf, E.R. (1995) Modelling nutrieperiphyton
dynamics in streams: the importance of transient storags.Zandogical
modelling, 80, 149160.

Kemp, J.K., Harper, D.M., Crosa, G.A. (1999) Use of Ofunctional habitatsO to link
ecology with morphology and hydrology in river rehabilitatidguatic
Conservation: Marine & Freshwater Ecosystems, 9, 159178.



Manson J.R., Walllis, S.G. & Hope, D. (2001) A Conservative Skeagrangian
Transport Model For Rivers with Transient Storage Zoheser Resources

Research, 34(15).

Manson, J.R. & Wallis, S.G. (2000) A conservative, seagrangian fate and
transport model fofluvial systems: Part 4 Theoretical Development/ater
Research, 34(15).

Manson, J.R. & Wallis, S.G. (199@pnservative Serliagrangian Algorithm for
POIl(uSt)ant Transport in Rivergournal of Environmental Engineering, ASCE,

125(5).

Neelz, S.P.F. & Wik, S.G. (2007) Tracking accuracy of a sdragrangian method
for advectiondispersion modelling in riverduternational Journal for Numerical
Methods on Fluids, 53, }21.

Sabol, G.V. & Nordin, C.F. (1978) Dispersion in rivers as related to storage zones
Journal of the Hydraulics Division, ASCE, 104, 69508.

Salehin, M, Packman, A.l., W8rman, A. (2003) Comparison of transient storage in
vegetated and unvegetated reaches of a small agricultural stream in Sweden:
E%a%%rlagl(s\gariation and anthropogenic malaijon. Advances in Water Resources,

Stofleth, J.M., Shields Jr, F.D., Fox, G.A. (2007) Hyporheic and total transient storage
in small, sanebed streamddydrological Processes, 22, 18851894.

Valentine, E. M. & Wood, I. R (1979) Experimeinidongitudinal dispersion with
dead zoneslournal of the Hydraulics Division, ASCE, 105, 9994.016.

Wallis, S.G., Manson, J.R. & Fillippi, 1({1998) A SemiLagrangian Algorithm for
OneDimensional AdvectiomDiffusion. Communications in Numerical Methods

or Engineering, 14, pp671679.

Wallis, S.G. & Manson, J.R. (1997) Accurate numerical simulation of advection using

!ﬁé’ge time stepSnternational Journal of Numerical Methods in Fluids, 24, ppl27%

Worman, A., Packman, A.l., Johansson, H. & Jonssof2®02) Effect of flow
induced exchange in hyporheic zones on longitudinal transport of solutes in
streams and river#/ater Resources Research, 38(1), 215, 1001,
doi:10.1029/2001WR000769.

Zarnetske, J.P., Gooseff, M.N., Brosten, T.R., Bradford J.H., k& J.P., Bowden
W.B. (2007) Transient storage as a function of geomorphology, discharge, and
permafrost active layer conditions in Arctic tundra stred#iger Resources
Research, 43, W07410, doi:10.1029/2005WR004816.



