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This paper briefly reviews the impact of the major changes in
land use on water quality from the perspective of flood events. An
overview is presented of water quality transformations that may occur
as water moves thi’o‘ugh the hydrological cycle. The transformations
occurring in f‘reé water are then reviewed from a number of specific
Vie?points.' '.f_hree specific aspects of water quality are cons'idered‘in
detail to review present approaches to preaiction. These aspects are
nutrients, inorganic exchange processes and organic tran,s‘formatior;s_.

The problems of data collection from monitoring systems are

‘add‘resSed. Many countries now commit substantial resources to the

collection of water quality data, but there are concerns as to the
reliability and validity of some of this information. Clear
objectives for a monitoring system, and the need to understand the

hydrological and biological systems being monitored are essential.



. PERSPECTIVES DE GESTION

La présente communication décrit bridvement les effets des

" principaux changements au niveau de l'utilisation des terres sur la

qualité de 1l'eau dans la perspective ‘de phénoménes comme les
inondations. On présente une vue d'ensemble des transformations de la
qualité de l'eauVQui peuvent se produire 3 mesure que.l'eau-se déplace
a travers le cycle hydrologique. Les transformations se produisant
dans l'eau libre sont ensuite étudiées a partir d'un cerfain nombre de
points de vue particuliers; Trois aspects caractéristiques de la
qualité de l'éau sont considérés en détail pour examiner lés
techniques actuelles utilisées pour les prévisions. Ces aspects
concernent les agents nutritifs, les processus d'échange minéral et
les transformations organiques.’

Les problémes de la collecte de données 2 partir de systémes de
surveillance sont abordés. De nombreux pays consacrent mainténant des
ressources importantes 3 la collecte de données sur la qﬁalité de
l'eau, mais il y a des doutes quant 3 la fiabilité et 2 la validité de
certaines parties de cette information. Des objectifs clairs pour
tout systéme dé surveillance, et 1la nécessité &e comprendre les

systémes hydrologiques et biologiques surveillés sont essentiels.
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ABSTRACT

The intent is to demonstrate the very substantial differences
which occur between snowmelt and rainfall induced events. The
biogeochemical processes operating on source materials are an

important control over stream chemistry. Suspended sediment plays an

important role in chemical transport, particularly for phosphorous and

organic contaminants. Sediment transport behaves very differently
from major ion fransport; sediment-associated chemistry is different
seasonally and requires different sampling protocols. We will draw
conclusions and make recommendations for sampling both  for
sediment-associated chemmistry and for major ions. We demoﬁstrate the
utility of these sampling protocols for making meaningful inferences

about river basin management.



RESUME.

Le but est de démontrer les différences notoires entre les
phénoménes dus 3 la fonte des neiges et ceux causés par les pluies.
Les.pgoceSSus biogéochimiques qui s'exercent sur les matiéres a la
source constituent des fécteurs importants pour la éhimie des cours

d'eau. Les sédiments en suspension jouent un rdle de premier plan

"dans le transport des substances chimiques, et particuliérement du

phosphore et des contaminants organiques. Le trahspoft des sédiments
se fait de fagon trés différente de celui des principaux ions; la
chimie associée aux sédiments varie selon 1la saison, et requiert
différentes méthodes d'échantillonnage. Nous fecherdherons des
gonclusions et feérons des bropositions pour 1!échantillonhage aussi
bien des substances chimiques associées aux sédiments que des
principaux ions.- Nous démontrons 1tutilité de ces méthodes

d'échantillonnage pour l'obtention de résultats concluants en ce qui a

"trait 2 la gestion des bassins de rividres.




INTRODUCTION

This paper is a‘comparative survey of the occurrence of chang?s
in water quality arising from variation in discharge within the
context of the hydrological cycle. The emphasis here is on storm flow
generated by rainfall or snowmelt. Sampling strategies can be
optimized and the process validated or better characterized by
knowledge of source and coﬁveyance mechanisms; therefore the
hydrological cycle can be appropriately conceptualized as a number of
interlinked storages or compartments,’each of which can be 1dentified
with part of the water environment. Such schemes range in complexity
froﬁ thei simplest three compaftment structures for the global
hydrological cycle to systems éomprising many compartments which yet
depict only a ‘p;ft of the water environment (e.g. McPherson and
Schneider, 1974).

Variations in constituent concentration may be due to a
combination of physical, chemical and biological processes. Such
ptdcesses}include dilution (and concentration), nucleation, diffusion,
turbulent  dispersion, oxidation (and reduction), radioactive decay,
nifrification, leaching and biodegradation. These processes can
generally be‘regarded as occurring within the compartments; that is,
there is no opportunity for quality change betweén the output of one

compartment and the input of the next. Processes which occur only at

the interfaces are identified below.



Physical 2{9;¢sses

Phase changes occur in evaporation erm free water, transpiring

vegetation and surface soil, and within the pores of unsaturated

soils. leatilization may be significant in such céses as ammonia
losses from soil of water,:especially a£ higher'pH, which favours the
formation of free NH, rather than NH,, thus contributing to the
ammonia load in the atmosphere, Other important gas transfer
phenomena are the solution of oxygen, necessary to sustain aerobic
conditions in soil and 'water, and solution of carbon dioxide;
Diffusioﬁ processes largeiy determine the distribution of oxygeﬁ and
CO, within both aqueous and gas phases, and the distribﬁtion of salts
and nutrients i# soil water and free surf#ce waters.

In addition,“various:adsorption and ion exchange phenomena are
important to the ibnic éonstituents within pore water, and play a
significant role in the transport and retention of phosphorus and
nitrogen in the form of NH,. The thermal energy distribution has a

profound effect on other processes, especially evaporation and the

- kinetics of chemical and biological reactions.

Chemical Processes

Viewed simplistically, mineral weathering and soil formation are
chemical processes which result in the release of many products, of

varying solubility, which affect the constituents in pore water
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streams and lakes. Hence both solubility and kinetic relationships
for the various constituents in soils and waters are fundamental to
any basic study of water quality changes, although direct application

of such data is frequently made difficult by the complexity of the

matrix and other competing or complementary processes, such as

adsorption and ion exc¢hange.

Biological Processes

Whenever organic residues such as vegetation, wastes and dead
animal matter are present, the growth of various forms of micro-
organisms is stimulated; these are accompanied by biodegradation
pro‘cesses. which resuit in the mineralization of many nutrients and
their return to tﬁ; environment. 1In the presence of molecular oxygen,
aerobic bacteria and fungi are the major forms. Where fhe ‘low
SOIubility and limited diffusion rate of oxygen combine to limit the
availability of dissolved oxygen, alternative forms of respifation are
encouraged, such as anoxic respiration using, in order, nitrates and
sulphates, and finally fully anaerobic action may result. The order
in which these forms of respiration are listed corresponds to
decreasing energy yield and decreasing fedox potential; Thus, many
superficially chemical processes in soil and water are in fact
biochemically mediated, as an example, hydrolysis, oxidation and

reduction. The nutrients released in these microbial processes are
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recycle in the growth of primary procedures such as plants and algae,

and in the process ‘may\_significantly contribute to the poql_ of

nutrients potentially available for tramsport out of the catchment.

Nitrification and the oxidation of reduced sulphur compounds to
sulphates are also aerobic processes carried out primarily by
autotrophic bacteria which share with plants the use of carbon dioxide
as their carbon source. Both proceéses result in acid production with
the potential for reducing pH. In nitrification NH,, which is
significantly adsorbed in soil systems, is oxidized through the
intermediate stage of NO; to NO,, which is much more mobile and hence

pEOne to leaching and transport by pore water movement. Sulphate

(sulphuric acid) production can be a particular problem where

‘sulphides such as feldspars are oxidized - most notably in the

drainage waters Eroux many coal and metalliferous mines and their
associated tailing dumps (Bobba, 1971); Low pH resulting from such
action increases the solubility of heavy metals and potgntial for
leaching and mobilization into surfounding drainage systems.

Overall, the availability of oxygen detéermines whether aerobic or
anaerobic processes prevail, and hehce whether oxidizing of reducing
conditions oﬁcurs. Ihis affects many chemical equilibria and

ultimately influences surface water quality.




Storm-Period Response

Thé study of storin (and snowiielt) runoff generation ¢an be
approached in a variety of ways. For example, one may considef only
what portion of the runoff water existed in the watershed prior to the
runoff event and what portion was added by the runoff-inducing event.
Altefhatively, one may choose only to examine the manner in which the
runoff water travels over the last several meters to the streaﬂ. A
third apprdach could be concerned only with the history of the water
from it;iarriVal in the watershed to its wultimate delivery to the
stream. These three approaches are termed: time aspects, ultimate
delivery mechanism aspects and historical aspects, respectively. Each
approach can be modelled and each is conceptually linked to surface
water quality.

Currently, the most widely accepted theories for storm (and
snowmelt) runoff generation stem from the ultimate delivery mechanisms
approach to the subject. Each concept attemp;s to account for both
the rapid response of the stream to runoff-inducing events and
observed increase in stream discharge. Freeze (1974) has summarized
the most popular of these theories as: a) ﬁorton overland flow, b)
partial area - overland flow, c¢) variable source area - overland
flows and d) variable source area - subsurface storm flow. The reader
is referred to Freeze (1974) for an excellent review and reference

list foér each mechanism.



SNOWMELT RUNOFF

Snowmelt dominates the hydrologic year in cold tempefature and
subarctic regions. It generates the gfeatest flood hazard (often in
COnjunctioﬁ with ice jamminé), and raises groundwater levels to thgir
highest levels often causing landslides and waterlogging that impede
access, building, ploughing and»other uses of the land.

Field investigations of snéwmelt runoff are difficult and
uncomfortable, and therefore runoff processes have received relatiyely
little empirical study. Consequently, there has been little stimuius
far the development of models. On the other hand; the more tractable
problem of melting at the'snowpack surface has been the focus of much
fieldwork and'theoretical study. Yet runoff processes can have at
least as éreat an influence on peak flows and their timing as db the

melt parameters that have received so much study.

Non-Point Source Pollution

Sediment erosion

Sediment is an important ¢omponent in water quality studies. The
close association of heavy metals and toxic hydrophobic organic
contaminants with suspended matter is now well known (Férstner and

Wittman; Chapman et al.,'1982). Less well known are the spatial and
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tembpqral c,h‘axjxges which occur under various flow regimes (Ongley,
1987).

Sedifment transport in rivers has been studied for years,
especially its influence on channel  morphology (e.g. Yalin, 1972';
Garf, 1971). Sediment moving downstream can be classified into two
categories, bed load and suspended sediment load. The bed load is
generally considered as those solid particles (sometimes boulders)
that move along (roll 611) the Bott,om of the stream or waterway by the
force of the moving water. Bed load, although mainly associated with
high levels of river discharge, is not considered an important element
in chemical transport. Suspended sediment 1load, also dischargé
dependent, is comprised of two components. One of these, the
sand-size component (2 63 um) displays increasing concentrations with
depth in the w‘atef column, especially in the coarsef fractions. This
phenomenon is well known and requires depth-integrated sampling for
studies of sand transport. Because particles that exceed 63 um in
equivalent spherical diameters have a small surface area, such
particles are not especially chemically active and therefore do not
play an important role in chemical trarisport. The second con-xponen't of
the suspended load is the wash load, composed of silt and clay-sized
material. For water quality purposes, the wash load is important for
two reasons: one, the particles comprising wash load have large and
chemically active surfaces and, two, the wash load originates from
beyond the channel boundaries and therefore reflects the chemistry

from source (eroding) areas. Also, wash load in transit scavenges
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dissolved metals and certain nutrients and synthetic organic
contaminants from the waterAcolumn. The wash load is, therefore, an
important conveyahce mechanism in water quality studies. The wash
load is not considered to be depth dependent, therefore, depth-
integrating sampling.is.less important than for sanhd-sized material.
The importance of storm-period flow in sediment transport,
inéluding wash load has been widely documented. A study of sediment
yield from a‘MissisSippi_delta cotton field by Dendy (1981) found
erosion rate$ in thg range of 5 to 12 mg/ha.y; with highest sediment
éoncentfgtions occurring during spring. Aboutb 98% ofl sediment
particles exported were less than 16 um in diameter. A five year
study on the island of Oahu by Dooty et al. (1981) indicated 90% of
the total suspended sediment load was produced during léss tﬁan 2% of
the time. Applicable state ﬁater'quality standards did not establish
a means of qeasuring the impacts of short-time activity on suspended
sediment production. Some of the highest annual sediment yields
reported in the world resulted from a study by Griffiths (1981) of
basins of South Island, New zéaland. Geoiogy had little apparent
influence on sediment yields, and rainfall was the primary determining
variable. McLaren (198l1) reported that during 1974 a stream from a
small drainage basin (117 km) on the east coast of Mellville Island
suspended sediment. Because nearby basins showed hydrological
simi;arities, the daté_could bé extrﬁpolatéd to provide an indication

of the total suspended sediment discharge to adjacent channels.



Extrapolated values indicated that design criteria must consider
typical runoffs to 1.2 x 10° m® with peak mean-daily discharges in
excess of 9.0 x 10°¢ m’/d and suspended sediment loads of 5.0 x 10°
kg/y.

The close association of sediment load and land use practices at
source is important in water quality studies. Under the 1972
USA-Canada, Great Lakes Water Quality Agreement, 11 agricultural
watersheds, :epresentative of mjor soil-crop-livestock combinations,
were monitored for two years to quantify the agricultural component of
Great Lakes drainage basin pollution 1loads (Coote, D.R. et al.,
1982). The data base from these 11 watérsheds was ﬁsed by Wall et
al. (1982) to predict sediment yields from cropland and daily fluvial_

suspénded loads to the Great Lakes. It was estimated that

agricultural land-use activities contributed over 650 x10° kg/ha of

suspended sediment to the Great Lakes.

Hamlett et al. (1983) observed increased stream flow, sediment
load, and stream channel widening that corresponded with increased row
cropping in an Iowa watershed. Roles and Jonker (1985) introduced a
statistical . method that tested representativity of soil erosion
samples and calculated plot data accuracy for different sample sizes.
Murphee et al. (1985) reported that in a Mississippi delta watershed,
the combined sediment yield for the months of March, April and May was
67% of the average annual yield. A six-year monitoringv of three

watersheds with three siliviculture treatments in norﬁh central
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Florida suggested that minimum disturbance practices with protective
stream management zones may minimize noq—ﬁoint soufce pollution
(Riékert. 1985). Verhoff and Yaksich (1982) analyzed a 26 year record
of sediment discharge in the Maumee River at Water?ille, Ohio, as
affected by land use, hydrology and. weather. | Oply hydrologic and
meteorologic parameters were found to be correlated with sediment

discharge.
Phosphorus

| Phosphorus in streams frequently demonétrates stroné associations
with discharge and with suspended sediment concentrations. Phosphorus
chemistry and the relative amognté of dissolved and sediment-
associated phosphérus species are influenced both by poinf sources
(e.g. sewage treatment outfalls) and by urban and rural land use.
Hergert et al. (1981) discovered phosphorus concentrations in
tile effluent increased with increasing flow and related this to the
effect of salt or calcium (Ca) concentrations wupon phosphorus
solubility. Sharpley et al. (1981) studied_funoff from cropped and
grassed watersheds and found a linear inverse relationship between
soluble-P and sediment concentrations. 1In simulated studies they also
found sorption of soluble phosphorus added in rainfall occurred.during
transport. It was concluded that leaching of phosphorus from

vegetative cover could contribute significant amounts of soluble
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phosphorus to ruﬁoff, and that soil material may act as a phosphorus
link rather phosphorus source. Logan (1982) reviewéd the mechanism by
which inorganic phosphate enters the dissolved phase, and the effect
of fertility management #nd conservation tillage on phosphate
concentration in drainage waters.

Hubbard et al. (1982) measured and sampled runoff continuously
from two small watersheds over a two-year period and found that 70 to
95Z of N in runoff and 90 to 98% of P were carried in sediments,
except during wintér months when ué to 80% of the N and 33% of the P
vere in solution. Miller et al. (1982) repor;ed that'about 70% of the
total P load (3 x 10° kg/ha) to the Gre#t Lakes was attributable to
cropland runoff, 20% fo livestock oberations, and 10% to a combination
Af runoff from unimproved land and stream bank erosion. Culley and
Bolton (1983) fouga that storm flow events accounted for 57% of annual
discharge, 73Z of total phoéphorus, and more than 50% of
orthophosphate from tile drained fields.

Grobler and Silberbauer (1985) described methods to reduce the
uncertainty associated with phosphate loads estimated by means of
export coefficients and discussed the significance of a link between
the bioavailability of particulate phosphorus and watershed geology
with respect to phosphate load estimates.  Kunishi and Glotfelty
(1985) monitored forms and concentrationsvof phosphorus in an estuary
of the Chesapeake Bay and noted that high P concentrations during
summer were related to increased P release from sediments and
increased P mineralization by marine orgénisms because of higher

temperature.
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Nitrates

Nitrogen species 1in runoff are influenced ﬁy agricultﬁral
management practices and land use. | White (198l1) found that the
canopies of corn; oats and soybeans altered nutrient concentratiops of
pregipitgtioh. Oat canopies préduced' enrichment in 'NH,-N, NO,-N,
soluble-P, total-P and K. Soybean and corn canopies each produced
enrichment of some nutrient$ and_loéses of others. Baker and Johnson
(1981) fertilized two similar cornfields to different extents. After
a delay of two months, NO, concentrations in the drainage from the
more heavily fertilized plot exceeded the other by a factor of 2 to
4, Timmons and Dyila (1981) found that an irrigated cornfield
experienced up to 53% greater leaching losses of NO, than a similar
nonirrigated fieldl Extent and dynamics of a thin zone of soil that
interacted with rainfall and overland flow inh releasing soil chemicals
to runoff were studied bybAhula et al. (1981).
| Houston and Brooker (1981), iﬂ a study of the River Wye in the
United Kingdom,; observed seasonal changes in conceﬁtrations of Si; PO,
and inorganic N. All species, with the exception of NO,, exhibited
inverse concentration relationships with flow. Neilson et al. (1982)
reported the NOy=N accounted for 75% of the total N load to the Great
Lakes. Only 127 of the runoff sémpies observed in the ll watersheds
had NO4-N concenfrations below 0.3 mg/L, whereas 3% of the samples

exceeded the drifiking water standard of 10 mg/1l.
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Duda and Finan (1983) demonstrated that the levels of N and P in
the stream increased with livestock numbers. Baker et al. (1983)
estimated that 2% of the organic and nutrient content of swine manure
from a 4000 hog dry lot was transported to a coastal plain stream by
surface runoff. The N levels in the stream during low-flow conditions
were found to be influenced more by drainage from row crop areas than

by the hog dry lot.
Pesticides and herbicides

Perhaps - the clearest documentation of the interaction between
hydrologic processes and nutrient, sediment and pesticide levels in
streamflow has been the attempts by Donigian and Crawford (1976) to
simulate all the Qelevant processes on small agricultural watersheds.
This modelling gave improved insights into the most sensitive factors
affecting ;he quality and quantity of agricultural runoff. Tillage
operations affect the total sediment loss and peak concentrations and
therefore peéesticide loss in Sediﬁehts. The time of application of
pesiicide relative to the bccurxénce of a major storm also greatly
affects pesticide loss. Mechanisms of pesticide attenuation are
therefore critical, togethér with the hydrologic variables such as
soil moisture and infiltration characteristics, land surface treatment
and sediment transport.

Gaynor and Volk (1981) found that herbicide losses in runoff from

agricultural lands could be greatly affected by soil adsorption
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properties as well as by pesticide solubility. Toxaphene and sediment

-yields from a cotton field in Mississippi were studied by McDowe11'

et al. (198l). They found a linear relationship bétween these two
paraméters in runoff. Approximately 0.5 to 1% of applied toxaphene
was accounted for in runéff, and over 90% was attached to transporte&
gediﬁents. Both toxaphene and sediment yields were greatest during
the spring, but toxaphene concentrations in runoff and sediment were
highest during the summer application period.

Frank et al. (1982) studied the 11 agricultural watersheds and
revealed that 81 pesticides were applied to rights-of-way during
1975. Wu et al. (1983) measured the yield of atrazine and alachlor in
watershed runoff and found that atrazine was significantly more mobile
during the three year study. A léboratory column study showed that
tightly bound pesticides such as DDT and Paraquat may be leached
through the soil profile Whgn attached to finely‘ dispersed clay
particles' (Zinten et al., 1983). The occurrence of atrazine in
shallow groundwater in Nebraska and the mechanism of its dispersion
and degradation were reported by Wehje et al. (1983).

ﬁcDowell et al. (1984) found that pesticide losses in runoff
seemed affected only by thé amount of rainfall. Mayewx et al. (1984)
showed that runoff concentrations of picloram in runoff diésipated
with distance and successive rainfall events. A transport model
developed by Smith and Carsel (1984) predicted greater. pesticidg

losses from soil than from leaves. The model results agreed well
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with field data when 90% of the pesticidevwas supplied. Hall et al.
(1984) observed that conservation tillage syStems'lost less cyanazine
than conventional systems, presumably because runoff and sediment
lossés were reduced. Glotfelty et al. (1984) found that atrazine and
simazine were delivered to the Wye River estuary through runoff.
Emmerich et al. (1984) reported that only 0.47% tebuthiuron was lost
in rangeland runoff. The bulk of tebuthiuren pérsisted in the soil.

Adsorption of pesticides to organic colloids of soil particles
can be an important transport mechanism. Corwin and Farmer (1984)
determined that adsorption-desorption isbtherms of bromacil conformed
to a set of Freundlich equations. Wijayartne and Means (1984)
demonstrated an éffinity of atrazine for estuarine humics, desorbing
from soils to bind to the colloids. 1In contraét, Reinert and Rodgers
(1984) concluded fhat sorption was not an important transport pathway
for, the herbicide endothall. Acid-catalysed hydrolysis seemed to be
the major transformation of atrazine in acid soils, and was unaffected
by conservation tillage practices.

Wauchope and Meyers (1985) determined atrazine and linuron
adsorption-desorption rates in sediment-water slurries and concluded
that adsorption-desorption equilibrium can be assumed to be a
reversible process for input into the non-point source ’pollution
models.

Generally, the occurrence in water of highly chlorinated and

persistent pesticides tend to be controlled by their affinity with
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five suspended sédiments (organic and mineral). Hence, erosion and
sediment transport are important detefﬁinants in developing water
qu#lity samplingl program for agri;ultural area. Other pesticide
groups such as the phenoxy acid herbicides are much more soluble;

their occurrence, transport and fate may be quite independent of

sediment transport.

Industrial Organic Contaminants

Work by Chapman et #1. (1982) shows that 95% of the Class I and
II "priority pollutants" are preferehtailly associated with sediments
and biota. Conventional water sampling is, therefore, frequently
ineffective in determining presence of  low levels of organic
contaminants. brganic contaminants emenating from sewage or
industrialvoutfalls are either prohibited or limited by permit. These
may show inverse relationships with discharge due to dilution by storm
rundff. Contaminants migrating from waste disposal sites or those
associated with contaminated surfaces in industrial complexes may be
expected to show a runoff effect when these are mobilized and
transported by surface and subsurface runoffi Industrial spills are
Qtochastic in nature and have no predictable relationship with
dischargé. Alternative sampling strategies may be required (discussed
below). The kinetics of transport of pesticides and industrial
compounds involve a complex interaction between <volatilization,

photolysis and biocaccumulation and biotransformation which is poorly
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understood for many chemical compouhds, but, surprisingly, sampling

programs cannot hope to achieve a high degree of resolution of

chemical compounds nor of spatial and temporal patterns. Similar
comment applies also to the myriad of synthetic organic contaminants

released intentionally or accidentally into river.

Water Quality-Flow Relationships

Recent research (Ongley, unpublished) suggests that hydrophobic
inorgani¢ (metals) and organic contaninants are storéd in the river
channel dufing downstream transport. This implies that information is
"lost" in the downstream direction (Ongley, 1987); and thus limits the

utility of fixed-site sampling programs. The spatial dimensions of

'information loss iaries with discharge and places severe restrictions

on the ability of fixed site monitoring programs to resolve upstream
causes as well as downstream implications. Drainage from land

surfaces, when natural or modified by man's activities, such as

.agriculture, are regarded as nonpoint (diffuse) systems; the

collection, treatment and discharge of industry‘and urban effluents
are characterized as point sQurces. The relationship betweén
discharge and concentrations of naturally occurring constituents and
of pollutanfs has been presented by Manczak and Florczyk (1971); they
proposed three types of relationships between concentration C and
waterflow Q, as presented schematically in Figure 1. 1In contaminated
rivers (Type 1), the mainkfactor influencing the shapebof the curve

is the dilution of the waste water with increasing discharge. In
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clean rivers, represented by Type II, the concentration increases with
Q as a result of runoff in the drainage area and of stirring up and
transport of the river sediments. ' The concentration can be
represented by a linear, second power of an exﬁonentigl function of
Q. For intermediately contaminated rivers, Type III, the dilution of
the wastewater determines the shape of the curve for low Q, and runoff
at high 6.

The adoption of intensive storm period sampling prbgrammes in a
growing number of studies (e.g. Ongley, Bynoe and Percival, 1981;
Miller and Drever, 1977; Reid et al., 1981) has not only highlighted
the complexity of solute behaviour during storms at partiéula;
stations but ‘has also demonstrated considerable intra- and
intercatchment variability in defailed solute response (Foster, 1979;
Webb and ’Walling; 1983). In some cases such as. the study of K
concentrations in small, undistrubed forested watersheds of
southwestern.British Columbia, Canada (Feller And Kimmins, 1979), the
response during individual storms may vary markedly from storm to
storm. - An example of the latter phenomenon is provided by an
examination of Nb, responses obsgrved in the River Dart, a tributary
of the Exe Basin in Devon (Walling and Webb, 1983, Fig. 2). .A delayed
increase in NO; concentration is typical of summer and autumn storms
in this watershed, vbut rapid dilution of NO, levels is moré
characteristic of flood events during the winter and spring peri§d.

There is further variation between storms in the timing of dilution
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. troughs, which may lead, coincide with or lag the discharge peak.

These contrasts in storm-period behaviour are thought to reflect the
influenhce of several factors, including variations in rates of
mineralization. and nitrification, storm hydrograph characteristics and
antecedent moisture levels.

Storm-period sampling has also highlighted the contrasting
behaviour of different solute ﬁarameters'during flood events (Cleaves
et al., 1970; Douglas, 1972;.Foster, 1978). Responses of individual
ions will differ in their detailed character because particular
chemical épecies have varying origins, are stored at different
locations within the vegetation, soil and rock of a drainage b#sin,
and are accessed to different extents by runoff from various sources.
These controls are evident in the moorland Glendye watershed of
northeast Scotlénd (Reid et al., 198l) where dissolved species derived
from chemical weathering, including Ca, Mg, Na, SiO, and HCO, have.
highest concentrations in basefloﬁ draining from the lower mineral
soil horizons biit are st:ongly dilutéd duriné storm events by waters
which originate in the upper organic and organo-mineral layers of the
soil (Fig. 3); Dilution 1S5IhoweVer, less pronounced for the cations
because these are displaced from organic colloidal material by H* ions

in percolating rainfall. In contrast, runoff from surface horizons of

' the soils exhibit enriched concentrations of total organic carbon and

of complexed Fe, so that these parameters show an incfease during

flood events (Fig. 3). Concentrations of Fe peak relatively early
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during the stofm because these elements are mobilized in.the gleyed
soils by reduction proceéses and are flushed into. the stream with
displaced soil water at an early stage in a flood event. Although K
concentrations also increased during stream rises in the autumn months
(Fig. 3), this ion was unaffected by stofm events at other times of
the year; Reid et al. (198l) argue that this behaviour is relatedvto
the leaching of potassium from decomposing plant litter.

A particularly important facet of storm-period solute behaviour
is the occurrence of hysteresis whereby variations in solute

concentrations hre not linearly related to discharge during stoim

- events; generally, concentrations are markedly different at the éame

levei of discharge on tﬁe rising and falling iimbs of the hydrograph
(Fig. 4). This phenomenon has often been investigated in terms éf a
looped trend in the relationship_ between solute concentration and
discharge for specific storm events (e.g. Hendrickson and Krieger,
1964; Collins, 1979). The frequent occurrence of hysteresis severely
lihits the explanatory and pfedictive powers of simple rating lines
when they are applied to storm periods. Basic clockwise and
anticlockwise hysteretic loops were recognized in relatively early
studies of streams iﬁ Kentucky and Georgia, U.S.A: (Hendrickson and
Krieger, 1960; leer, 1965). A Qide range of causes often involving
more than one factor for any one stream, have been proposed to account
fof this phenomena. Miller and Drever (1977), for example, suggest

that solution of material in the soil zone, dilution of base flow,
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selective weathering of fenomagnesium minerals and leaching of

biological materials, all contribute to a marked hysteresis effect in

water chemistry during a storm event in the North Fork of the Shorhone

River, Wyoming, U.S.A. (Fig. 5).

Several factors may influence thé fo;m and timing of storm period
chemographs and, in turn, generate hysteretic behaviour. In
particular, a "flushing effect" has been noted in many rivers (e.g.
Hendrickson gnd Krieger, 1960; Edﬁards, 1973; Walling, 1974; Walling
and Foster, 1975) by which soluble material accumulatéd dﬁring the

pre-storm is fobilized and transported to thé stream where it

‘influences solute concentrations during the early stages of a storm

event. Solute aCcumul#tion before a flood event will be affected by
evaporation of soil moisture, capillary rise and the buildup of dry
fallout deposits,wleaf residues and dead plant material. Flushing
effects are particularly pronounced in autumn storms following solute
accumulation over the summer period, and Klein (1981) has demonstrated
that solute concentrations in overland and subsurface flows are
systematically related to the length 0£ the dry period preceding
storm.

Hysteresis has also been widely documented for suspended sediment
concentrations (Walling and Webb, 1983) both in storm period response
and for intra and inter seasonal reéponSe. Rapid depletion of
sediment available for‘transport (sediment exhaustion) is considered

to be the principal causal variable. Although peaks in suspended
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sediment concentrations usually precede the discharge peak (Fig. 10A),
this relationship can be reversed in long rivers due to the more rapid
migration of the flood crest downstream relative to the velocity of

the water particles and their associated sediment load.
IONIC RUNOFF DUE TO SNOWMELT

Spring snowmelt can profoundly influence streamwater chemistry.
Data from Turkey Lakéé Watershed (northern Ontario) have been used to
illustrate processes in natural (unmodified by man) watersheds. The
snowpack water equivalent (mm) and chemical ions content (H, NH,, 804;
NOs; in meq.m™2) are shown in Figures 6 and 7 for 1981 and 1982
together with important precipitation events. Note that the frequency
of snowpack sampling was much shorter in 1982 than in 1981 (Jeffries
and Semkin, 1§83; Lam et al., 1987; Bobba and Lam, 1987).

The greater variability in snowpack content present in Figure 7

compared to Figure 6 can be attributed, in part, to the shorter

sampling frequency used in 1982. The frequency of sampling in 1982

was suitable for detecting small losses and additions to the water -

equivalent of the snowpack in response to changing meteorological
conditions. The major differences between the two years were the
approximately 1.5 fold greater accumulation of materials and the much
later date of major melting in 1982. Despite these differences, there
are some strong similarities in the bghaviour ofhlindividual ionic

species across the two years of this study.
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All anions were quickly removed from the snowpack with the
beginning of the major melting periods in both years. A lesser but
significant loss of iomns (particularly; H) was associated with the
earlier mid-March melt in 1982 and it is probable that a similar loss
occurred in mid-February 1981. The differential release of ions
compgred to water is often stronglylinfluenced by rain. Rain supplies
both the heat and the liquid carrier agent required to enhance the
movement of materials through snowpack. Almost all of the chemical
ions deposited in the hea?y rains that occurred from March 28 to April
1, 1981 were immediately released from the snowpack since there_ﬁas
virtually no increase in ion or water content over this time périod
except for NH, (Fig. 6).

The chemical concentrations of Ca+Hg, SO,, alkalinity, NO, and H*
(4 eq.L™!) in streamvater are shown in Figures 8. and 9 due to
snowmelting. Each of the parameters exhibited roughly the same
response to snowmelt in both 1981 and 1982. The year to year
differences which do exist may be attributed to the varying

meteorological and hydrological conditions.

qulutantirrans ort from Agricultural Watersheds

Baker's (1985) intensive sfudy of pollutant transport from
agricultural watersheds of Lake Erie reveals a typical pattern for

agricultural pollutant transport in the region's river system. Stream
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discharge inéreases.rapidly'during the rising stage of the hydrograph
and decreases more slowly during the falling stage (Fig. 10). The

concentrations of sediment and sediment-bound pollutants, such as

particulate P, increase rapidly at the beginning of the event and peak

well in advance of the peak discharge. 'In contrast, nitrate

concentration peak during the falling portion of the hydrograph. 1In

the watershed; nitrate enters streams primarily in tile drainage

system discharges which lags surface runoff. Herbicides in this study
leave fields primarily as dissolved material in runoff water rather
than in adsorbed form. Peak conacentrations of soluble herbicides,

such as atrazine, occur about the same time as peak discharge. The

~concentration patterns for such herbici&es_ differ from the

concentration patterns of‘both suspended solids and nitrates.

The general pattern of discharge and pollutant concentrations is
common for most runoff events at stream gauging stations in the.Honey
Creek Watershed. The actual discharges and concentrations vary widely
at individual stations, depending primarily on rainfall amounts,
intensities, snowmelting and seasons. Aléo, systematic differences in
discharge and pollutant concentrations occur, depending upon watershéd

size, soil types and land use pattern in the watershed.

Variations in Concentration of Dissolved Chemical with.Dischargg

The inverse trend between solute constituents of base flow and

discharge, which has been described for many rivers. is to be expected



- 25 -

if all the other factors affecting river chemistry are constant. Base
flow, which is usuallfl felatively rich in solutes, is diluted by
interflow and overland flow, which have shorter residence times in the
watershed and hence a shorter period in which solution reactions can
take place.

‘Hem (1970) has shown an hyperbolic relationship between discharge

and solute concentration. The relationship between concentration and

discharge is as follows:
€,Q, + C3Q; = (Q, + Q3) Cy (1) .

where Q, is the~discharge,béfore dilution, C; is the concentrafion of
solute before dilution, Q, iQ the discharge of dilutant, C, is the
concentration of "solute in diluting water and C, is the resultant
concentration. The three terms in this equation represent

concentration of solute, and an inflow-outflow balance is assumed (no

_chgnge_in storage). If C,Q, is constant (a) as assumed for the model,

and if the concentration of diluting water (C;) is zero, then

C,Q, a ]
Cy = —————— = (2)
(Q: + Qz) (Q: +Qz)
If expressed in logarithmic form thus .becomes
log Cy = log a - log (Q, + Q;) (3)
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Equation 3 has the form of straight line with slope-l. (Q,+Q;) is the

river's total discharge (Q), the form of equation 3 is:
log C = log a - B log Q (4)

The degree of linear association between C and Q was ascertained by
using the product moment correlation coefficient and the rég;ession
lines fitted by the method of least squares.

Oborné et al. (1980) and Edwards (1973) have shown the relation-
ship between concentration flow and discharge by applying equation
(4). Oborne et ‘al. (1980) collected the hydrogeochemical data of
Riverkwye (Great Britain) for three years (1975-1977) at different
locations in the watershed. Similarly, Edwards (1973) determined- the
different hydrogeochemical parameters in different watersheds. Figure
11 shows the regression equation exponents of alkalinity, TDS, NO-N,
PO,-P, SiO,, Na, K, Ca, Mg and HCO, for different stations in the
watershed and different seasons.

A posiﬁive exponent indicates that as flow increases, the
concentration of solute or nutrient also increases (so called “runpff”
effect). An exponent of zero indicates that the concentration is
‘independent of flow. (This indicates that, on average, the added flow
contains the same concentration as the stream. When this is the case,
a linear relationship exists between flow and load, and use of average
flow and concentration to compute load is a satisfactory procedure).
Finally; a negative exponent indicates that the incoming flow dilutes

and reduces the concentration (dilution effect).
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In Figure 11, the region above zero represents runoff effects and
the negative region is dilution. Nitrates and SiO nearly always
display increased concengratioﬁ with £low. Magnesium, calcium,
bicarbonate and orthophosphate are usually diluted. The éodium and
potassium, probably derived from chloride;, fall into an intermediate

category, though potassium concentration increases at the beginning of

most storm events. Although these data have similarities to data of

Miller and Drever (1977) in Figure 5, there is no universality in
solute-discharge reiationships as demonstrated for nitrate in Figure

2,

Sampling Frequency to Determine Water Quality Parameters

While long-t;nm regular monitoring may facilitate detection of
trends in concentrations, a knowledge of the relationﬁhips between
flow and quality is required if accurate loads of soluble or suspehdéd
material traﬁsported by the river are to be determined. Stream load'
determination is often the most critical quality characteristic,
pafticularly whén the quality of downstream reservoirs, lakes and

estuaries is of concern.

Major Ion Constituents’

The importance of flow variability in affecting soluble ionic

concentrations of river systems is well documented (Oborne et al.,
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1980; Hem, 1959). The sampling frequency necessary to obtain accurate
integration of concentration with flow depends upon variability of
concentration -and stabiiity of the relationship between flow and
concentration.

Teéhniques for calculating loads of soluble constitﬁents using
fIOWeéohcentratiOn. relationships have been developed for some time
(Hall, 1970) but the complexifies of these relationships are becoming
1ncreasing1y. apparent (0O'Connor, 1976; Walling and Fosfer; 1975).
Where there |is prbnounced hysterésis in the flow cdndeniratiop
relationship, frequent monitoring during all storms may be required
if accurate loads are to be calculated for those variables ‘éhich
change significantly during runoff. Nonetheless, in comparison with
sediment associated v;riables, major ions do not critcially change
over orders of magnitude during storm flow. Hence, errors in local
calculation :using intensive sampling data generated ’by weekly or
monthly samﬁiing progress may produce reasonable results in river

management programs (Ongley and Walborg, research in progress).
Nutrients and Sediments

High frequency sampling durihg storm events is critical for
nutrient (especially for total phosphorus) and sediment load
determination as the concentrations of these variables not only

increase with increasing flow rate but may change over several orders
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of magnitude. This results in a large percentage of the annual load
occurring in short periods of high flow. Walling (1974) has indicated

errors up to +900% in monthly and +280% in annual suspended loads
USihg average sSediment flow relationships. Whipple and Hunter (1977),
in discussing non-point source pollution, strongly argue that storm
event and hydrograph analysis ére indispensible for small catchment
studies because discharge loadings are complex and dependent on storm

characteristics and time of year.

Heavy Metals

Heavy metals are often concentraﬁed in the sediment loads of the
first flush of storm runoff in urban areas. Annual heavy metal
loadings from small catchments therefore require accurate sediment
load determination on a storm by storm basis. Moreover, long-term
metal loads of major river systems are usually dominated by
particulate sources during flood flows (Presley et al., 1980) or by

particulate 'scavenging at any time that sediment concentration

increases.

Pesticides and Industrial Organic Contaminanfs

Although pesticide runoff from different land uses has been
widely reported, 1little is known of the downstream pathways of

pesticide runoff. With the exception of certain other synthetic
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organic contaminants such as PCB's, dioxin, chlorophenols, etc., the
same comments apply to the majority of the same 60,000 chemicals found
in basin environmental compartments. Because residues are usually low
and processes ofl metabolization, wvolatilization, degradation, 1land
adsorpt‘::ion‘of the unknown, downstream continuity of target organic
contaminant concentrations (i.e. parent compounds) may be difficult to
determine. Therefore, optimal sampling strategiés in time and space
ére poorly developed and infrequently applied in any systematic
manner,

Further complications arise due to the opportunistic presence of
many pesticides in flowing Qaters resulting from the juxtépositiq§ of
pesticide application with rainfall. Industrial and municipal sources
may discharge intermittently or unevenly in time. All of these lead
to highly misléading sampling results from the usual fixed interval
monitoring program. Errors are compounded if multimedia (water,
sediment, biota) sampling is not employed due to the preferential
associating of different chemical groups with different substrétes.

Finally, one must weigh the costs of some form of regular
monitoring for determination of ﬁmbient conditions and trends,
relative to the pbtential for randomly occurring spills which may not
only vastly outweigh "normal" contaminant levels but also cause the

greatest ecological damage. These factors can be teasdnably evaluated

' through an appraisal of program costs relative to a clear statement of

program objectives.
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Our work to date in Canadabsuggests that contaminant sampling in
water and suspended sediment wusing high flow versus 1low flow
effectively discriminates between nonpoint (high flow period) and
point source (low flow) impacts. Thus flow separation technique tends
to capture the chemistry associated with runoff and erosion during
high flow (partial contributing area is larger) on the one hand, and
chemistry dominated by point source input during low flow when the

land surface is not contrasting to river chemistry.

ality Studies and lLoad Estimation

While short-term intensive sampling programs may accurately
define water qualityv loads during the study period, they may be
severely limited in value if they have not included a relatively wide
range of yearly conditions (Foster, 1980). However; manual sampling
programmes provide the basis for many studies of solute transport and
it is important to recognize the‘potential problems associated with
sampling frequency and load calculation prpcedureg (Ongley et al.,
1977).° |

The discussion on temporal variations in solute transport

presernted previously has clearly demonstrated that solute

concentrations may vary considerably through time. Infrequent samples
are unlikely to provide a meaningful representation of the pattefn of

variation, and estimates of such simple statistics as the annual mean
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are unlikely to provide a meaningful representation of thé pattern of
variatioh, and estimates of such simple statistics as the annual mean
concentrations based on a small nuﬁber of samples may involve
significant grfors. As we noted above, however, the error caﬁ become
very large for the substances which vary substantially during a
discharge event; Such variation.tends to be smallest for majﬁr ions
and larges for suspended sediment. Coliforms are not considered here.
Considering methods which have commonly been used to estimate
annual solite loads from infrequent grab samples, it is possible to
distinguish the two Dbasic approaches of interpolation and
extrapolation. 'Interpolgtidn procedures (Tablg i) effectiVely involve
the assumption that the concentration of load associated with ‘an‘
instantaneous sample is representative of the time period between
samples, whereés ‘rating curve techniques and the 1load interval
procedure“described by  Verhoff et al. (1980) may be viewed as
extrapolation techniques. The extrapolation p:ocedureé that are
employed involve a simple logarithmic rating between concenération and
flow and the lo;d interval method. Elééhaarawi and Esterby (1987)
proposed numerical ihtegration techniques to estimate the fotal load

at a specific site and applied to Niagara River.
CONCLUSIONS

From the literature review, we conclude that, on balance, wéekly
sampling is adequate for geochemical mass balance studies provided a

continuous record of discharge is available. The reliability of the
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resuits is improved if sufficient storm event samples are analyzed to
allow compensation for changes in river chemical cancentr#tion'through
sfo;ms. >Hourly sampling ‘is a minimal requirement for studying
behaviour during _ storm events and elucidation of transport
mechanisms. Shorfer sampling intervals may be necessary for small
catchments. It is édvisable to sample at high frequency through storm
events until concentration trends have been established for the
chemical species interest. For' detailed studies of changes in
chemical composition with time through prec;pitation events, the
variability of precipitation (rain and show) composition with time and
for larger watersheds, over the catchment should not be overlooked.
For chemicals which display pronounced runoff effects and
especially for sediment and sediment-associated chemistry, sampling
programs that fail to characterize storm flow will bg highly
inaccurate for loading purposes. ’Sediment concentration (ana
associated chemistry) is both nonlinear and irregularly related to
discharge. This generally requires a pilot program to establish the
rough dimension of flow dependency. For metals this relationship is
easily established and can be extrapolated in space. For organic
contaminants and in the absence of gross pollution, most monitoring
programs are effectively limited to presence/absence information.
Lack of spatial and temporal comsistency and unknown biOgedchemical
pathways usually precludes any higher level of interpretation of

concentration values of organic contaminants.
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1 Different relationships between discharge (Q) aﬁd
concentration (after Manczak and Fiorcz&k, 1971).

2 Varying nitrate responses to storm events in the River Dart
at Bickleigh (after Webb and Walling, 1983).

3 Variation in discharge and concentrations of sodium,
magnesium, calcium, bicarbonate, silica, DOC, itgn and
Potaséium during a storm event in September 1978 (after Reid
et al., 1981).

4 Variation of gauge height of flow with specific conductance
for storm runoff (after Miller and Drever, 1977).

5 Variation in chemical composition and gauge height of flow
of North Fork of Shoshone River (after Miller and Drever,
1977).

6 Chemical ion concentration in snowpack at Turkey Lakes
Watershed, 1981 (after Jeffries and Semkin, 1983)

7 Chemical ion concentration in snowpack at Turkey Lakes

Watershed; 1982 (after Jeffries and Semkin, 1983)

8 Chemical ion cohcentration in streamwater at Turkey Lakes
Watershed, 1981 (éfter Jeffries and Semkin, 1983)

9 Chemical ion concentréﬁion in streamwater at Turkey Lakes

| Watershed, 1982 (after Jeffries and Semkin, 1983)

10 Chemical ion concentration in stream discharge at Honey
Creek Vatershed, Ohio, U.S.A. (after Baker, 1985)

11 Regreésion equation exponents between flow and chemical ion

concentration.




Table 1. Load Intergblation Procedures

n C-i Di
A. Total load = a [ J = YO 3 . )
i=1 i=1
n ci Di
B. Total load = a J (—))
n
i=] :
n Ci D
a( 3 (N5,
C. Total load =
n D
. . i
Z ‘n
i=1
o - n Ci
D. Total load = aD_ [ § —)
r n
i=1
a _
E. Total load = a ([ J ) ( C, Dpi )
i=1
where
a = converéion factor to take account of period record
Ci = instantaneous concentration associated with individual
samples (mg 171!)
Di = instantaneous discharge at time of sampling (m3® s~!)
Br = mean discharge for period of record (m? s~t)
Spi = mean discharge for interval between samples (m® s~!)
n = number of samples
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