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PREFACE 

A number of independently funded studies came together over a period of several 

years to form the present Marmot study. Two funding agencies and two universities were 

involved: seven scientists with six different disciplinary backgrounds conducted the 

studies with the assistance of a variety of students and technicians. The general study 

area had been established several years before by federal and provincial agencies com

prising the Eastern Rockies Forest Conservation Authority. 

Terms of reference and participants in the current studies are given in Appendix 1. 

Interests of the original funding agencies in the Marmot were developed over the years 

being directed f i r s t to basin performance, then to the effects of clearcutting on the 

basic behavior of these mountain streams in the east slopes of the Rocky Mountains, and 

finally (and dominantly) to the assessment of stream-water processes. 

Analyses of organic compounds in the four streams of the Marmot basin began in 

June, 1974. The fi r s t six months of this project were devoted to refinement and stand

ardization of analytical methods. Clearcutting of the Cabin creek sub-basin began in 

1974 and interest focussed on the waters of Cabin creek for that reason. In 1975, 1976 

and a part of 1977, the up-dated analytical methods were employed to obtain substantial 

numbers of reliable data. During the preparation of this report, stream water flow data 

were available only for 1975 and 1976. Thus, mass flow data were calculated only for 

these two years. As clearcutting operations were in the planning stages for the Twin 

Fork sub-basin in 1977, emphasis was shifted to a study of stream waters of this sub-

basin, and i t was decided then to drop the regular analysis of organic compounds in the 

Cabin creek sub-basin for 1977 and 1978. Subsequently, the planning for the Twin Fork 

basin failed to be implemented. The present research project, however, was able to 

develop and maintain an innovative program through i t a l l . 

The major product of the Marmot studies conducted by the university scientists was 

the development of a framework for evaluating processes of change that relate not only 

to this mountain basin, but to other mountain basins and, indeed, to a wide 

variety of stream basins in Alberta and elsewhere. Thus, what began as a number of 

isolated, curiosity-oriented, sophisticated monitoring approaches ultimately emerged as 

a coordinated understanding of stream processes involving conversion and transport of 

substances within the basin. 

The preparation of this report itself was a valuable learning exercise for the 

participants. Discipline territoriality and mismatching of conventional wisdoms slowed 

the emergence of common understandings. 

The report describes processes occurring in mountain stream waters and their 

immediate surroundings. These processes are fi r s t dealt with in a black-box format. 
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studying what goes in and what comes out (including processes of change in the stream 

substances and processes of movement through the stream system). Secondly, mechanisms of 

change and transport are examined. Finally, attempts are made to identify in-stream pro

cesses and mechanisms that are of dominant importance in a comprehensive understanding of 

mountain stream dynamics. 

The objective of this report is to present the Marmot streamwater system as a dynamic 

interplay of processes of transfer and conversion in cold mountain waters. While -

descriptive material is included, the purpose of the study is to report a coherent under

standing of changes taking place in the stream waters, particularly as they are revealed 

in the movement of organic compounds through the system. Assessments are made of stream 

processes in terms of biosynthesis of organic compounds, transport into the stream 

waters, and allochthonous and autochthonous generation of organic compounds. Mass 

budgetting of organic compounds indicate dominant processes of transport and conversion. 

Distribution of amino acids and hydrocarbons are used to infer processes integrating 

sources and degradation as revealed by these sensitive, organic compounds. Quantitation 

of these environmentally-sensitive compounds is used to assess the relative importance of 

basic processes of change in this cold highly-oxygenated water. The dynamic system 

reveals the nearly-conservative transport of refractory organics (humic substances), 

active degradation of labile organics (fatty acids and amino acids) and concomitant 

biosynthesis of hydrocarbons and amino acids. Finally quantification of changes in 

levels of labile substances in the stream can be calculated, using naturally-occurring 

conservative tracers, without disturbing the flowing system, e.g., without the addition 

of tracer materials and without requiring stream gauging when i t is not available. 

The subject matter of this report is wide-ranging in its multidisciplinary com

plexity. Attempts are made therefore to present relevant background understanding and 

to present the new data of the project in a thoughtful but perhaps simplistic manner. 

In this way, the fundamental value of detailed monitoring of superficially inconsequential 

parameters may be brought forward strongly and positively. Accordingly, extensive use is 

made of simple sketches and crisp tables. Reems of raw data and many published papers 

from the project are available to the reader interested in delving deeper. Hopefully, 

from the present discussion the biogeochemistry of stream waters emerges as a vita l and 

dynamic fabric of interwoven processes of conversion and transport. 
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EXECUTIVE SUMMARY 

The Marmot basin is a mountain drainage basin in the eastern slopes of the Rocky 

Mountains 600 km north of the Canadian-United States border. It illustrates the 

hydrology of eastern slopes drainage. The present study focussed on biogeochemical 

processes occurring naturally in the waters of Marmot creek. These were revealed by 

measurements of the transport and conversion of organic substances in that cold, clear 

mountain stream just below the alpine tree-line. Naturally-occurring organic substances 

ranged widely in biogeochemical lability and afforded a comprehensive evaluation of the 

in-stream processes of change. 

Organic substances of the streams are in a dynamic state with marked processes of 

transfer and conversion discernible in a short, 2.2 km, section of the Marmot system even 

under winter conditions. Detailed calculations based on stream monitoring revealed the 

effects of those processes by comparing mass transport in and out of the 2.2 km test 

section. Processes of conversion and transport within the test section were apparent 

for each compound and group of compounds. Three different seasonal patterns of altera

tions were noted. In the fi r s t season, spring and early summer, the mass transport 

pattern shows depletion occurring in a l l organic classes. The decrease in some cases 

represents about 30% total inflow loading. Only hydrocarbons and one protein grouping 

indicated net accumulation during this season. In the second period comprising late 

summer and f a l l , most processes of accumulation and depletion in the test section are 

in dynamic balance. This is revealed by mass transport data in which loadings of TOC, 

BOD, DO, tannins and lignins, most of the proteins, about half of the amino acids and 

a l l the fatty acids are virtually unchanged during passage through the test sector. In 

contrast, humics were marginally depleted, and the bulk of the amino acids and phenols 

were sharply depleted. Finally, during the winter season the pattern is s t i l l different, 

with nearly a l l organics showing net accumulation within the test section. In contrast, 

the very labile fatty acids showed a 30% depletion. 

Processes of change involve biosynthesis, maceration and leaching, oxidation, 

up-take, photodegradation, mineralization, absorption/desorption and biodegradation. 

Some processes were related to land disturbance, as in the case of forest clear-cutting; 

this modified contributions to the stream from soil leaching. 

At the biogeochemical frontiers, three new approaches involved adaptation of analy

tical technologies from related disciplines: 1) carbon preference indices for n-alkanes 

in the stream water clearly showed in-stream biosynthesis of hydrocarbons in the low-

molecular weight range and the leaching of terrestrial hydrocarbons in higher mass 

ranges; 2) heterotrophic-potential measurements carried out in-situ and in the laboratory 

confirmed the up-take of labile organic compounds in the stream (attributed largely to 
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sessile rather than planktonic microbes); and 3) analogue-depletion calculations showed 

the potential of this method for evaluating stream processes when stream gauging is not 

available. The adoption of naturally-occurring inorganic ions as reference substances 

in the stable-labile system of depletion led clearly to a sharp definition of in-situ 

depletion. 

It is now possible (a) to use heterotrophic-potential experiments to predict the 

depletion of a given microbial substrate in a stream, and (b) to use analogue-depletion 

calculations to evaluate the actual in-stream depletion, without the addition of tracers 

or the gauging of the stream. 
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RESUME DE L'ETUDE 

Le bassin versant du ruisseau Marmot se situe dans la region orientale des 

Rocheuses, 600 km au nord de la frontiere entre le Canada et les Etats-Unis, et ce 

bassin de montagne presente une hydrologie typique de cette region. La presente etude 

porte sur les processus biogeochimiques naturels qui se produisent dans les eaux du 

ruisseau Marmot. Ces processus ont ete caracterises par la mesure du transport et de 

la conversion des substances organiques dans ce cours d'eau froid et limpide qui se 

situe juste au-dessous de la limite alpine des arbres. Les substances organiques 

naturellement presentes ont montre des degres de labilite tres variables, ce qui a 

permis une evaluation tres complete des processus evolutifs au sein du cours d'eau. 

Les substances organiques du cours d'eau sont dans un etat dynamique et des 

processus de transfert et de conversion peuvent etre observes dans une courte section 

du bassin (de 2,2 km), meme pendant I'hiver. Des calculs detailles, bases sur les 

travaux de surveillance du cours d'eau, ont montre I'importance de ces processus, en 

comparant les masses a I'entree et a la sortie de la section a I'etude. On a constate 

dans la section consideree des processus de transport et de conversion evidents pour 

chaque compose et groupe de composes. On a note trois series distinctes de modifications, 

selon la saison. Lors de la premiere saison, printemps et debut de I'ete, le transport 

massique montrait une diminution dans toutes les classes de composes organiques. Dans 

certains cas, cette diminution representait environ 30 % de la charge a I'entree. 

Seuls les hydrocarbures et un groupe de proteines montraient une accumulation nette 

pendant cette saison. Lors de la deuxieme periode, fin de I'ete et automne, la plupart 

des processus d'accumulation et de diminution etaient en equilibre dynamique. C'est 

ce que I'on a constate en observant les donnees sur le transport massique, qui montraient 

que le COT, la DBO, I'OD, les tanins et lignines, la plupart des proteines, environ la 

moitie des amino-acides et la totalite des acides gras restaient pratiquement inchanges 

par la traversee de la section a I'etude. Par centre, les acides humiques diminuaient 

legerement et la majorite des amino-acides et des phenols diminuaient considerablement. 

Enfin, pendant I'hiver, la situation etait encore differente; presque tous les composes 

organiques s'accumulaient dans la section consideree, alors que les acides gras tres 

labiles diminuent de 30 %. 

Les processus de modification comprenaient la biosynthese, la maceration et le 

lessivage, I'oxydation, 1'absorption, la photodegradation, la mineralisation, 

I'adsorption, la desorption et la biodegradation. On a attribue certains de ces 

processus a des perturbations du terrain, comme dans le cas des coupes a blanc qui 

modifiaient les apports au cours d'eau dus au lessivage des sols. 
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Aux frontieres de la biogeochimie, trois nouvelles approches ont ete adaptees de 

techniques d'analyse propres a d'autres disciplines: 1) indices de preference pour le 
carbone - Ces indices pour les n-alcanes dans les eaux du ruisseau montraient une nette 

biosynthese des hydrocarbures de basse masse moleculaire et le lessivage des hydro-

carbures terrestres de haute masse moleculaire; 2) mesures du potentiel heterotrophe -

Ces mesures, effectuees sur le terrain et au laboratoire, confirmaient 1'absorption 
des composes organiques labiles du cours d'eau (attribuee surtout aux microbes sessiles 

plutot que planctoniques); et 3) calculs de diminution des analogues - Ces calculs 

montraient le potentiel de cette methode pour evaluer les divers processus en I'absence 

de mesures reelles. L'adoption des ions mineraux naturels comme substances de reference 

du systeme de diminution stable/labile conduisait a une definition nette de la diminution 

in situ. 

II est maintenant possible (a) d'utiliser des experiences de potentiel heterotrophe 

pour prevoir la diminution d'un substrat microbien donne dans un cours d'eau, et (b) 

d'utiliser des calculs de diminution des analogues pour evaluer la diminution reelle 

dans le cours d'eau, sans addition de traceurs ni d'appareils de mesure du cours d'eau. 
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Biogeochemistry of i\/lountain Stream Waters: The i\/larmot System 
S.A. Telang, B.L. Baker, J.W. Costerton, T. Ladd, R. Mutch, P.M. Wallis and G.W. Hodgson 

1. INTRODUCTION 

The Marmot stream system is a small mountain drainage basin on the eastern slopes of 

the Rocky Mountains in which automatic stream gauging stations indicate daily discharges 

in the range of 14 to 660 litres/second (1/s) with an average daily discharge rate of about 

140 1/s (5.0 cfs). The stream waters contain organic compounds totalling about 4 mg/litre. 

Identified organic compounds in stream waters constituted 25% of the total organic 

carbon, refractory compounds accounted for 23% and labile compounds 2%. Refractory 

organic compounds, humic and fulvic acids averaged 790 ug/1 and tannins and lignins 

100 pg/1. Averages of labile compounds were: hydrocarbons, 0.05 ug/1 (sum of individual 

compounds in the range of C-^^ to C 3 2 range); phenols, 2 ug/1; fatty acids, 2 yg/l; 

carbohydrates, 45 ug/1 and total amino acids, 10 ug/1 (sum of 16 protein amino acids). 

The purpose of the present study, in original concept and retrospective design, 

was to develop a comprehensive understanding of the distribution of dissolved organics 

in the Marmot waters as an indicator of the dynamic processes by which natural organic 

water quality is maintained. 

Any mountain stream is a dynamic reflection of its physical and living environment— 

a sector of the mountain biosphere involving the interaction of the mountain weather, 

vegetation, s o i l , sub-soil, groundwater and stream biota, in this case of nine square 

kilometres of basin at an average altitude of about 2200 metres above sea level. 

The Marmot basin is located at longitude 115°09'15"W and latitude 50°56'57"N 

about 110 kilometres southwest of Calgary, Alberta. The drainage waters of the Marmot 

basin result from precipitation in the lee of the Rocky mountains; these waters are 

typical of the waters entering the eastern slopes drainage catchment which delivers 

water to the plains of Alberta. East slope waters arc headwaters of three continental 

drainage systems in North America: the Mississippi, including the Missouri system; 

Hudson Bay, through the Saskatchewan system; and the Mackenzie river, through the 

Athabasca system. 

Mean annual precipitation in the Marmot basin is about 1080 mm (Singh and Kalra, 

1972). Snowfall, including mixed snow and rain, accounts for the bulk of the 

precipitation—70 to 75%. Ten-year data for precipitation are given in Appendix 2. 

Rain occurs largely in June; July and August are marked by short-term rain storms; 

September is the driest month. Precipitation is a direct function of elevation. Over 

a four-year period, 1964-1968, the mean annual precipitation rose from 625 mm near 

1700 metres elevation to 1125 mm at 2300 mm (Ferguson and Storr, 1969). This increase 

took place over a horizontal difference of only three kilometres. 

Precipitation in the Marmot basin impinges on soils that are frozen for more than 

six months of the year. The soil layer freezes in October or November. Mean monthly 
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temperatures in the upper few centimetres of soil range from -6°C in January to 16°C in 

July. Diurnal temperature variations of 15°C are not unusual in clear sunny weather 

(Skydt, 1971). 

The sequence of soil development in the Marmot basin appears to be controlled by 

elevation, parent material, slope and moisture conditions. The main types of soil in the 

Marmot basin are brunisolic grey-wooded, podzolic, regosollc, alpine bland, local grey-

solic and organic soils (Stevenson, 1967; Beke, 1969; and Karkanis, 1972). The soils are 

porous and, when not frozen, allow most of the precipitation to enter the s o i l . Retention 

of water is affected by the type of s o i l . Water is retained well by the alpine and 

poorly-developed degraded drystic brunisol soils; less water is retained by regosols, 

grey luvisols, ferrohumic podzols and well-developed degraded brunisol soils (Beke, 

1969). 

The parent materials of the Marmot soils are bedrock consisting of carbonates and 

clastic sediments laid down during the Mesozoic and Paleozoic eras. Mesozoic rocks are 

dominantly sandstones and shales with minor conglomerates and beds of coal (Mutch, 1977; 

Jackson, 1977). Paleozoic rocks are dominantly massively-bedded limestones, dolomites 

and calcareous shales with minor quartzites and calcareous sandstones (Stevenson, 1967; 

Jackson, 1977). The Paleozoic beds are believed to effectively seal the basin against 

further penetration of groundwater and groundwaters move largely in the Mesozoic rocks. 

These bedrock units which provide basal groundwater aquifers have been faulted into a 

series of overlapping thrust sheets which dip to the southwest and strike to the north

east. These thrust sheets are associated with noteworthy secondary folding. The 

largest of these structures is the Mount Allan syncline which is overturned to the 

northeast on its western flank in the vicinity of the Marmot basin. 

The Marmot basin was glaciated during the Pleistocene epoch (Stalker, 1973; 

Jackson, 1977) and, as a result, much of the basin is mantled by glacial t i l l and 

related glaceofluvial deposits (Mutch, 1977). The steeper slopes are discontinuously 

veneered by colluvial deposits ranging from broken rock to loamy residual s o i l . The 

geological events of the Pleistocene epoch and recent events of the last 10,000 years 

account for the formation of the Marmot basin (Jackson, 1977). 

Most of the groundwater in the Marmot basin is accommodated within the surficial 

deposits described above. The groundwater table generally follows the relief of the 

ground surface (Osborn and Jackson, 1974). The table is lowest where i t intersects 

the surface in the valley bottoms in which the Marmot streams flow (Stevenson, 1967). 

In other locations i t intersects the surface with the formation of springs and bogs 

marked by phreato-phytic vegetation. Precambrian bedrock is believed to seal nearly 

a l l the subsurface water into the basin. 

Much of the stream flow in the Marmot basin is derived from groundwaters, as 

shown by Isotopic separation techniques used by Wallis (1978) and Sklash (1978). 

This is particularly true during late f a l l and winter when precipitation reaching 

the stream through oversurface flow is minimal. The groundwater reservoirs are 
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recharged in the spring when part of the snow melt and rainfall percolate down through the 

soil to the water table (Wallis, 1978). Natural groundwater discharge to streams in the 

Marmot basin is of two types: descending and ascending (Osborn and Jackson, 1974). 

Descending discharge reaches the stream after being discharged as a spring at some 

higher elevation; ascending groundwater enters the stream below the waterline through a 

flow system hydraulically connected with the stream. 

Little flow takes place over the surface during the winter months when the average 

flow is 10 litres/second in the Marmot tributaries. The minimum stream flow occurs in 

late March. In midsummer 70% of the stream flow results from the melting of snow in 

protected alpine areas. 

Quantification of the three mechanisms for water entering the stream system is 

provided by Storr (1977), Wallis (1978) and Sklash (1978). The stream system, as 

revealed by its loadings of organic compounds, is affected by source material contacted 

precipitation 

/ascending ground 
^ / water 

by water in the groundwater system. Thus both character and amount of the organics In 

the stream are influenced by the groundwater regime and by the processes taking place 

there. 

Storr (1974) evaluated a hydrological model to account for the Marmot water budget, 

using the equation 

P = R + E ±AS 

when P is precipitation; R, stream flow; E, evapotranspiration, including sublimation; 

and AS, the change in groundwater storage. From a nine-year period (1963-1972) half 

the annual precipitation was lost to runoff and the other half to evapotranspiration. 

Only a small amount was attributed to an increase in basin storage. If the groundwater 

inventory is taken to be constant, the AS term may be interpreted as the groundwater 

discharge to the basin stream, i.e., the sum of descending and ascending groundwater 
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discharges. The remaining evapotranspiration losses of 400-490 mm (Storr, 1974) are 

typical of Rocky Mountain basins (Hanson, 1967). 

Evapotranspiration refers to the combined losses through physical evaporation and 

biological transpiration. Potential evapotranspiration is defined by a world meteorolog

ical organization as "the maximum quantity of water capable of being lost as water vapor 

in a given climate by a continuous stretch of vegetation covering the whole ground when 

the soil is kept saturated" (Whitton, 1975). This definition appears to neglect evap

oration losses from bodies of water including seas, lakes and streams, and from land 

surfaces including deserts and barrne alpine slopes. 

Much of the Marmot basin, however, f i t s into the definition of 'potential evapo

transpiration.' Forty per cent of the basin lies above the tree line (at about 2100 

metres above sea level). Physical evaporation processes in the Marmot are small since 

the area of water surfaces is very small in the basin and the water content of the 

treeless slopes is well below saturation. ' 

The relevance of evapotranspiration to the biogeochemistry of mountain stream 

waters is indirectly important because much of the organic matter in the Marmot streams 

is derived largely from the vegetation in the basin. If major vegetation were not 

present, as would be the case i f the basin were entirely above the tree line, stream 

flow would be greater and organic compounds would be less abundant. 

The entry of organics to a stream system is therefore primarily a function of the 

nature and abundance of vegetation. The vegetation of a basin is in turn a function 

of climate, s o i l , nutrients, and, indirectly, of elevation. Vegetation varies 

significantly with elevation in the Marmot basin. Mature stands of spruce and f i r 

range from 1525 to 2300 metres above sea level and comprise approximately 70% of the 

tree cover, Alpine f i r and larch are found between 2100 metres and treeline. 

Combinations of mixed forest types are found in transition areas (Kirby and Ogilvie, 

1969). Above the treeline, 80% of the land surface is alpine meadow and 20% is 

krumholtz (windblown vegetation) (Stevenson, 1967). 

Organics reaching the stream by over-surface flow are dominated by the vegetation 

closest to the stream. Stream-side vegetation is significantly different from the 

forest or the basin at large. This is true because streams serve to disperse plant 

disseminules of species which would otherwise be more localized. Thus, in the Marmot 

basin the 'stream' species include heart-leaved arnica, mountain sorrell, sitka 

valerian, mountain anemone, alpine willow herb, ground sel, fringed grass-of-parnassus, 

alpine bistort, cow parsnip, bishop's cap, t a l l larkspur, western meadow rue and showy 

willow-herb. In addition to these ubiquitous species, many differential species occur 

(predominantly or solely below the treeline) including hybrid willows, bristly black 

currant and horsetails as dominant vegetation along the streams. 

Appendix 3 provides more complete listings of the vegetation along with areal 

coverages for the various subbasins within the Marmot basin, by table and map. 
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At 2000 metres above sea level and in the lee of the Rocky mountain alpine ridges, 

the climate of the Marmot basin is understandably cold and dry, typical of the Rocky 

Mountains of Alberta. The mean winter temperatures are -9°C, summer 13°C (Water 

Survey of Canada). January temperatures average -18 to -12°C for minimum values, -6 

to -12°C for maxima (except during chinooks when air temperatures can reach 10°C). In 

July the minima and maxima are 2 to 5 and 14 to 18°C, respectively. Rapid changes in 

air temperatures accompany chinook winds—warm, dry, gusty winds from the southwest. 

With gust velocities of 80-100 cm/sec, chinooks cause thawing periods in the winter 

months. Week-long periods with maxima of 10°C are not uncommon (Kirby and Ogilvie, 

1969) . 

Stream biogeochemistry is also affected by solar radiation which is a function of 

sunlight hours and intensity of isolation which in turn is a function of altitude and 

sun angle. In the Marmot basin maximum periods of solar radiation are observed in July 

with an average of 280 hours of bright sunshine as compared with December which has only 

45 hours (Ferguson et a l . , 1971). The net solar insolation intensity in July is about 

400 cal/cm^; in December, about 30 cal/cm (Environment Canada, 1974/75). Local aspect 

and shading affect the changes influenced by solar radiation, whether photosynthetic or 

photodegradative. 

The Marmot basin is a small basin—some 950 hectares—that is divided into three 

sub-basins associated with three tributary streams: Twin Fork, Middle Fork and 

Cabin Creek. The three streams come together to form Marmot creek. Four gauging 
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stations define the 'test sector' of the present study. The stream-bed gradient of the 

test sector is 45 metres/km. 

The stream bottom comprises sands, gravels, boulders and bedrock. The volume of 

water in the test sector is about 1000 metres^ at average flow. The corresponding 

linear flow rate is about 0.4 m/sec. Residence time of stream water and its dissolved 

materials (organic and inorganic) was estimated in the present study to be about 100 min. 

The temperature of the stream water in the test sector ranges seasonally from 0 to 9°C 

with an annual mean of 1.7"C; pH is 7.6 and dissolved oxygen is always at saturation 

levels—about 11.2 mg/litre varying inversely with the temperature. 

The present study is a report on the biogeochemistry of this stream focussing 

on the behavior of organic substances in the water as indicators of the processes 

of transfer and conversion taking place in this cold mountain stream. 

Simnary: The -present study evolved from a number of isolated studies into an 

examination of the total biogeochemistry of the cold, clear waters of mountain 

streams., The stream was Marmot creek of the eastern slopes of the Rocky Mountains 

110 km southwest of Calgary, Canada. Tributary streams rise above the treeline in 

soils derived from Mesozoic sandstones and shales, and from Paleozoic carbonates. 

Groundwater is accommodated largely in surficial deposits, and the water table 

generally follows the relief of the ground surface. Annual precipitation is about 

1000 mm, largely snowfall. Organic compounds in the stream waters are derived 

largely from mountain vegetation ranging from stream species to those in the alpine 

forest. The climate at 2000 metres is cold and dry; mean minima temperatures range 

from -18 to 5°C with maxima from -12 to 18°C. Solar radiation ranges from 30 aal/am^ 

to 400 cal/cm . The area of the Marmot basin is 950 hectares. The test section of 
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the Marmot oreek in the present study was 2.2 km in length. The stream water has a 

mean annual temperature of I. with an average residence time of about 100 minutes 

in the test section of the stream. 
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2. STREAM ORGANICS 

The b i o g e o c h e m i s t r y o f s tream waters i n v o l v e s a wide v a r i e t y o f o r g a n i c compounds. 

These range from r e f r a c t o r y s u b s t a n c e s c o m p r i s i n g the b u l k o f the o r g a n i c l o a d i n g o f the 

s t r e a m , to many v e r y l a b i l e compounds which tend to be i n s i g n i f i c a n t i n terms o f mass 

t r a n s p o r t but a r e p r o f o u n d l y i m p o r t a n t i n c h a r a c t e r i z i n g b i o g e o c h e m i c a l p r o c e s s e s 

t a k i n g p l a c e i n the s t ream w a t e r s . T h i s impor tance i s r e v e a l e d i n p r e d i c t i n g the 

consequences o f d i s t u r b a n c e s i n the s t ream sys tem. Thus a model may be d e s i g n e d f o r 

p r e d i c t i n g the consequences o f i n c r e a s e d l o a d i n g s o f n a t u r a l s tream c o n s t i t u e n t s and 

of new l o a d i n g s . S t u d i e s o f b i o g e o c h e m i c a l p r o c e s s e s r e l a t e d to those l o a d i n g s a r e 

e s s e n t i a l to the development o f any m o d e l . T h i s c h a p t e r d e a l s w i t h n a t u r a l l o a d i n g s 

o f o r g a n i c s i n the Marmot waters and a d i s c u s s i o n o f the s o u r c e and a p p r o a c h used 

f o r the Marmot o r g a n i c s . The f i r s t s e c t i o n o u t l i n e s v a r i a t i o n s i n l o a d i n g s and 

emphasizes the dynamics o f s tream s u b s t a n c e s i n t h e i r passage t h r o u g h the Marmot 

sys tem. The second s e c t i o n i s a b r i e f but i l l u s t r a t i v e d e s c r i p t i o n o f the b i o t i c 

dynamics , i n c l u d i n g b i o s y n t h e s i s , t h a t l e a d to a c t i v e p r o c e s s e s of change i n the 

s tream w a t e r s . 

Abundances o f Oxygen and O r g a n i c Compounds i n Stream Waters 

o f the Marmot B a s i n ( c o n c e n t r a t i o n i n yg /1 ) 

Parameter W i n t e r S p r i n g F a l l Average 

D i s s o l v e d oxygen^ 11370 10550 11000 10970 

B i o c h e m i c a l oxygen demand 2300 1600 1980 1960 

C h e m i c a l oxygen demand^ 4040 5730 2180 3980 

T o t a l o r g a n i c carbon^ 4800 4400 3250 4150 

Humic and f u l v i c a c i d s ^ 620 1020 700 790 

T a n n i n s and l i g n i n s ^ ^ 105 115 83 102 

Hydrocarbons^ - 0.05 - 0.05 

Phenols'* 1.0 2.56 2.0 2.23 

T o t a l f a t t y a c i d s ^ 3 .11 1.70 1.45 2.08 

Carbohydrates '* 41 .0 63.2 28.8 44 .3 

T o t a l amino a c i d s 8.8 10.42 10 .1 9.77 

Averages based on month ly v a l u e s o f 

1 1974-78 
2 1975-77 

3 1975-76 
'* 1975-78 
^ Summer months o n l y . f o r 1975 and 1976 
^ F o r two u n d i s t u r b e d s treams 
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2.1 Sources of Organic Substances in Maraot Stream 

Although the Marmot stream system is a small mountain system with clear cold water 

originating above the treeline, i t transports over five tonnes of organic matter per 

year. In gross terms the stream loading is as follows: 

Total organic carbon 10,075 kg/year 

Biological oxygen demand 7,117 kg/year 

Chemical oxygen demand 16,400 kg/year 

Oxygen transport 36,500 kg/year 

Sediment transport 5,300 kg/year ̂  

The bulk of the organic matter is dissolved poljrmeric matter derived directly or 

indirectly from biotic matter, both allochthonous and authochthonous: 

Humic and fulvic acids 3,825 kg/year 

Tannins and lignins 648 kg/year 

Carbohydrates 584 kg/year 

Other identified organics 57 kg/year 

Phenols 14 kg/year 

A very large number of individual organic compounds are detectable and quantifiable 

in natural waters. In the present study these compounds comprised a variety of organic 

acids and hydrocarbons. Their bulk loading on an annual basis was small but real, and 

the analytical sophistication for each class permitted observation of biogeochemical 

changes revealed through characteristic patterns of occurrence of individuals within 

each compounds class. 

Fatty acids (10) 12 kg/year 

Amino acids. free (16) 6 kg/year 

Amino acids. protein (16) 24 kg/year 

Hydrocarbons (17) 0.5 kg/year 

The bracketted numbers indicate the number of individual compounds quantified in 

the analyses conducted in the present stream. ' 

The biota of streams represents an important mass of organic matter in the stream 

waters. Fisher and Likens (1973) stated that the standing crop of mosses in the Bear 
2 

Brook was 3.1 gm/m . 

Mean annual 
standing crop Annual production 

kg/test section kg/yr/test section 

Moss 7 
Periphyton (algae) 5.9 54 
Invertebrates 5.6 20 
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The estimated annual production of these mosses was only 21 gm/m'̂ /yr. If this estimate of 

productivity is taken for Marmot creek, moss production would be about 7 kg/yr over the 

2.2 km reach of the creek. Mosses are known to be very slow growing (Hynes, 1970; 

Fisher and Likens, 1973) and therefore are not expected to be a significant contributor 

to the carbon budget of Marmot creek. Accordingly, this figure for mosses is probably 

an overestimate. 

Algal production was estimated using the mean annual biomass (Mutch, 1977) assuming 

a turnover time of 40 days. It was nearly eight times as great as that for mosses. 

The predominant Invertebrate class in Marmot creek was the Insecta. Members of 

the classes Oligoahaeta, Aaari and Turbellaria were present, but together they con

stituted no more than 3% of the macro-invertebrate population. Four orders of Insecta 

were represented in Marmot creek. These are Ephemeroptera (mayflies), Pleaoptera 

(stoneflles), Triohoptera (caddisflies) and Viptera (true flies) (Mutch, 1977). While 

the annual number of invertebrates and the annual average standing crop showed consider-

able variation, they averaged about 2250 individuals per square metre and 6 grams/m 

respectively (Mutch, 1977). Assuming the majority of the species to be univoltine, 

and using 3.5 as the annual turnover ratio (Waters, 1969), the annual production was 

estimated to be 20 kg. Appendix 4 contains detailed invertebrate data for the Marmot 

stream system. 

Biotic particulate organic matter entering the stream directly was estimated by 

Mutch (1977). In the 160 days of open water, allochthonous input was estimated to 

average 0.467 grams/m /day. Thus, the total input to the 2.2 km test section during 

the open season was 246 kg. Extrapolating from measurements made on Twin creek, 

the spring (breakup) input was estimated at 334 kilograms, for an annual total of 

580 kg/yr for the stream test section. 

Summarizing the total annual organic input to the stream test section (apart 

from the inflowing stream and groundwaters) produces following summary chart. 

Allochthonous 
Litterfall 
Throughfall 
Blow-in 

5 8 0 kg 

641 kg 

Autochthonous 
Algae 54 kg — • 

641 kg 

Autochthonous 
Moss 7 kg 
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The standing crop of .organic detritus was estimated to be 130 kg for the 

test section. 

The residence time of organic matter in the 2.2 km test section was sufficient 

to bring about measurable changes in the loading of the stream water in this section, 

as indicated in the following table. 

Annual net changes in stream-water loadings, kg/year 

1974* 1975 1976 1977** 

Total organic matter — +6875 +876 -145 

Humic & fulvic acids ~ +383 -146 +1 

Tannins & lignins -240 -146 -222 +32 

Amino acids, total -3.2 -3.2 +6.0 — 

Carbohydrates — — -255 -15 

Phenols — -4.4 -5.1 — 

Fatty acids — -3.6 -6.6 +0.0 

* Partial year only: July to December 

**Partial year only: January to April 

These data although presented in annual terms, i.e., non-seasonal terms 

and in gross groupings, clearly indicate that real depletion of the identified 

organic material occurs in the cold, clear waters of the Marmot creek in its 

passage through the test section, i.e. in a matter of 100 minutes. As would be 

expected, the labile organics—fatty acids, amino acids, phenols and 

carbohydrates—showed consistent depletions. 

The foregoing figures are engineering-like figures: gross components and 

gross loadings. The basic questions that require answering are: "What is 

happening in the stream: what processes are underway; what is the dynamic 

balance; why are the hydrocarbon loadings as low as 0.05 kg/year, or as high 

as 0.05 kg/year; what would happen i f the processes introducing humic and fulvic 

acids in the stream were to increase ten-fold in delivery rate; and perhaps most 

importantly, what would happen i f a manufactured organic chemical as simple as 

ethylene glycol or as complex as an insecticide were introduced at the rate of 

10 kg per year?" 

To answer such questions i t is necessary to examine the natural compounds 

that are flowing in the system—to define their structure, their biosynthesis and 

the locale of origin—and to infer from monitoring how they enter the stream, 

how they survive in the stream and in what manner they degrade, i f they do 

degrade, in a cold mountain stream. 
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2.2 Quantification of Organics in Marmot Streams 

The biotic organics in the Marmot waters were detected and quantified by gas 

chromatography, where appropriate methods were available, otherwise by classical 

colorimetric methods. 

2.2.1 Humic and Fulvic Acids 

Humic and fulvic acids are secondary products of carbon fixation. As noted by 

Jackson (1978) in a concise review of carbon humic matter in sediments, humic matter 

is formed from a variety of biochemical precursors including carbohydrates, proteins, 

lipids, lignin and other phenols and pigments. Schnitzer and Khan (1972) described 

the processes of polymerization leading to humic materials. The fundamental structure 

of humic and fulvic acids was given by Felbeck (1965): 

and by Dragunov et a l . (1948) for humics: 

C6"||05 

C - O H 0 H 

I I I H — C - H CH 

O H 

HC CHg 
H I H C - C ^ I ^ 

I 

CHg 0 

0 — C — N H — C g H j j O j N 

OH 

and by Schnitzer (1969) for fulvic acids: 
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The basic structure indicates poljraierization of hydroxy-aromatic monomers with 

heteroatoms of nitrogen and oxygen. It also provides for hydrogen bonding and for 

oxidation to quinone units with two- and three-dimensional bonding. It is 

generally agreed that other monomers are included by bonding entrainment. In this 

way amino acids and various lipids are occluded. So also, monosaccharide sugars 

are included through ether linkages. The active functional groups of other bio

chemical monomers provide linkages with the hydroxy-aromatic monomers generated 

in the hydrolysis of plant lignins and tannins. In this way porphyrin pigments, 

nucleic acid bases (purines and pyrimidines), isoprenoid compounds and other 

hydrocarbon precursors are thought to be entrained in the humic/fulvic polymers. 

The distinction between humic-and fulvic acids is largely in molecular weight 

as expressed by solubility functions. Humic acids are soluble only at pH values 

above 2; fulvic acids are completely soluble in water at a l l pH values. 

Humic and fulvic acids comprise the largest defined group of organic substances 

in natural wate;rs. The definition, however, is very imprecise and these acids 

include a variety of organic substances such as phenols and fatty acids. Errors 

resulting from this inclusion are not great because in natural systems fulvic 

acids are several orders of magnitude more abundant than the other, individual, 

acidic compounds. 

Humic and fulvic acids are determined by compound class, not as individual 

compounds, since their molecular weights vary widely over a broad range—from 

1,000 to 100,000. Gel permeation has been used to a degree to separate them by 

molecular size but i t offers l i t t l e sophistication for routine-analysis monitoring. 

In the present study the humic and fulvic acids in the stream waters were separated 
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by precipitating the humic acids at pH 2. Analyses for total carbon before and after 

precipitation made i t possible to determine both values for the humic acid and fulvic 

acids. 

2.2.2 Tannins and Lignins 

Tannins and lignins represent another grouping of polymeric organic matter. 

Tannins are polymers of flavinoid compounds with the basic monomers _ 

HO 

condensed as indicated by Geismann (1969): 

e'tc. 

Lignin is a polymer of aromatic alcohols making up about 25% of the dry weight 

of wood. The biosynthesis of lignins involves the condensation of pyruvate with 

erythrose to form shikimic acid 

COOH 
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which is then polymerized to multidimensional polymers through condensation of phenolic 

OH with carboxyllc acid groups. Thus, Geismann (1969) presented an idealized structure 

for lignin as follows: 

CH CHCHO 

HOCH2CH—0 

CHOH 

0 •tc. 

Frudenberg (1965) gave a more complex structure for lignin to account for aromatic 

alcohols which appear after depolymerlzation of lignin. 
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Tannins and lignins were determined in the present study using colorimetric 

reactions involving the aromatic alcohol groups common to a l l such polymers: the 

sodium tungstate-phosphomolybdic acid method (Amer. Public Health Assoc., 1971). 

No distinction was made between tannins and lignins; they were determined together 

using tannic acid as a standard. 

Late in the present study the method of Lawrence (1979) became available. It 

is based on absorption spectrophotometry using Beer's Law for a three-component 

mixture of fulvic acid (F), tannic acid (T) and lignosulphonlc acid (L): 

^ = ?X' FS-̂  + ^X'TV + ^X'LV 

where E is the measured absorbance of wavelength X, C the extinction coefficient, 
A 

C concentration and d the optical path length. Measuring absorbance at three 

wavelengths and knowing the nine extinction coefficients makes i t possible to 
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calculate concentrations of the three colored constituents of the solution. In 

practice, absorbance is measured at 10 nm intervals between 250 and 450 nm and 

multiple calculations made to estimate the three concentrations. In the interests 

of continuity and simplicity in the present study, however, the older colorimetric 

APHA method was used throughout. 

2.2.3 Carbohydrates 

Carbohydrates are involved as storage and structural units in plant cells. 

Ranging from trioses (3 carbon atoms) to heptoses (7 carbon atoms), the most common 

monosaccharides found in plants are arabinose, rhamnose, ribose, xylose, glucose, 

mannose and galactose. Of these, glucose, galactose and xylose are predominant. 

These sugars occur largely as dimers, trimers, tetramers and polysaccharides. The 

total abundance of carbohydrates in plants range from 15,000 to 50,000 ug/g (Ludlow 

et a l . , 1966). 

Carbohydrates are biosynthesized in plants from 3-carbon chains, including 

pyruvic acid, i n i t i a l l y derived from reduced carbon dioxide, the reduction being 

accomplished by high-energy phosphate molecules with energy originally captured 

by photosynthesis pigments. 

Here, the analysis of carbohydrates was carried out as a class analysis using 

both the anthrone (Antia and Lee, 1963) and the phenol/sulphuric acid reactions 

based on glucose (Dubois et a l . , 1956) to produce a color that is measured photo

metrically. Of greater use are a variety of methods in which the polysaccharides 

are hydrolyzed to monosaccharides and then determined individually by gas chromatography 

using appropriate derivatization methods, e.g., that reported by Pierce (1968); such 

methods were not used in the present since that level of sophistication appeared to be 

unnecessary. 

2.2.4 Fatty Acids 

Fatty acids occur as esters in natural fats. They generally f a l l in the range 

of C^^ to C2^ with a strong predominance of even-numbered carbon atoms; C^^ and Ĉ g 

acids (palmitic and stearic) are most abundant. Fatty acids in aquatic organisms 

are frequently unsaturated, again with C^^ and C^g (palmitoleic and linoleic) acids 

most common. Fats are biosynthesized as triacylglycerols which function as storage 

lipids. The basic reaction involves glycerol as dihydroacetone phosphate and the 

fatty acids as a fatty acyl CoA complex. The i n i t i a l source of the carbon in fatty 

acids is acetyl CoA formed in mitrochondria by the oxidative decarboxylation of 

pyruvate or the oxidative degradation of amino acids. The acid group is provided 

by addition of bicarbonate to convert acetyl-CoA to malonyl CoA. Chain length is 

increased by the addition of pairs of carbon atoms through successive acetyl 

additions, thus accounting for even-carbon predominance in naturally-occurring 

fatty acids. 
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Fatty acids are determined analytically first by hydrolysis of the esters, e.g., 

triglycerides, then re-esterification with a monobasic alcohol, e.g., methanol, to 

provide an ester sufficiently volatile for separation and detection by gas chromato

graphy (Peake et a l . , 1974). Monoenoic and polyenoic fatty acids have analogous 

chromatographic behavior but with retention times appreciably different from those 

for the saturated acids. 

Other organic acids, e.g. isoprenoic acids, and simple branched and cylic acids 

related to fulvic acids, also appear in such analytical procedures. They are more 

random in distribution, rather than occurring in homologous series. 

2.2.5 Amino Acids 

Amino acids are biosynthesized in a variety of ways. The main reaction is the 

insertion of the amino group into an organic acid, e.g. glutamic acid is biosynthesized 

from the corresponding keto acid: 

N H ^ + a - ketoglutarate + N A D ( P ) H + H 

L-glutamate + N A D C P ) " ^ + H2O 

Glutamic acid is a non-essential amino acid. The biosynthetic pathways to essential 

amino acids are much more complex. For example the biosynthesis of phenylalanine 

(which includes the synthesis of shikimic acid) requires ten enzyme-catalyzed steps 

for the following conversion: 

COOH 

2 C — O P O 3 H 2 

CH. 

CHO 

I 
2 HCOH — 

I 
HCOH 

I 
C H 2 O P O 3 H 2 

phophoenol 

pyruvic acid 

arythrote 

4-phosphoric acid 

COOH COO" 
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C H , 
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In a l l , 20 amino acids are used by a l l organisms as monomers of proteins; many 

other amino acids exist also. 

As in the case of fatty acids, amino acids occur in nature as both protein and 
1 

as free forms. For the analysis of amino acids in both free and protein forms, 

amino acids and proteins in aqueous solution are introduced to an ion-exchange 

column to absorb the free acids. The proteins pass through as non-polar solutes 

and are then hydrolyzed for analysis. Free amino acids retained on the column are 

desorbed by elution with dilute aqueous ammonium hydroxide solution. 

.The free amino acids are esterified with a simple alcohol, commonly butanol, 

and the amino acid group derivatized with an acetyl group, for gas chromatographic 

analysis (Degens and Reuter, 1964; Roach and Gehrke, 1969). In this way Individual 

amino acids are quantified. 

Stable acids, including glutamic and aspartic acids, glycine and alanine are the 

most common free-base acids in soils and sediments, individually ranging from ten to 

fifteen per cent of the total amino acids. In natural systems the overall sequence 

of biogeochemical conversion i s : 

proteins - (hydrolyzed) free amino acids - (degraded) 

CO^, Ĥ O and NĤ  

2.2.6 Phenols 

Phenol and phenolic compounds are biosynthesized as indicated above by pathways 

illustrated by shikimic acid. Alkylated derivatives and polymers of such compounds 

appear as 'phenols' in direct colorimetric analyses. The water sample is steam-

distilled and a color reaction developed with phenols in the distillate 

(Amer. Public Health Assoc., 1971). 

It is now possible also to derivatize such compounds for direct GC or GC/MS 

analysis using methyl iodide (Strosher and Peake, 1976). 

2.2.7 Hydrocarbons 

Hydrocarbons are biosynthesized also. Dimerization of the three-carbon 

glycerol chain with the splitting out of a single carbon atom leads to Isoprene: 

•'TO emphasize the difference between free amino acids which are biogeochemically 
labile and the amino acids of proteins, which are strongly protected and thereby behave 
very differently in the environment, we have chosen to use the term 'protein' instead 
of the more commonly used expression 'combined amino acids' which is technically more 
appropriate because i t includes amino acids entrained in other blopolymers such as 
humics, but is less meaningful in common useage. 

19 



c 

2C — C — C C = C — C = C + C 

Isoprenoid compounds are polymers of isoprene. Thus there are monoterpenes of ten 

carbons, sesquiterpenes of 15, diterpenes of 20, and triterpenes of 30 carbon atoms. 

The corresponding saturated hydrocarbons are the terpanes. 

Other branched and cyclic hydrocarbons are biosynthesized in related ways. So 

also are the normal-alkanes. These compounds exist in homologous series in which the 

members are separated by 14 mass units (i.e., by CHj). n-Alkanes are probably bio

synthesized by the decarboxylation of fatty acids. In this way, the strong even-carbon 

preference in fatty acids results in a strong odd-carbon preference in the decarboxylated 

products. Thus hydrocarbons in marine plants exhibit carbon preference indicies (CPI) 

in the range 0.4 to 1.5 (Clark and Blumer, 1967). For terrestrial plants the range 

is 5.1 to 18 (Eglinton et a l . , 1962; Cooper and Bray, 1963). For petroleum and 

ancient sedimentary rocks the CPI is 1.0. 

Aromatic hydrocarbons occur in natural waters also. They include single ring 

aromatics and multi-ring compounds up to C ^ Q and greater. Biosynthesis of these 

compounds involves the generation of condensed terpenes for the most part. Quinones 

and hydroquinones In enzyme and pigment systems have aromatic structures also. Simple 

diagenesis of these compounds leads to a variety of aromatic hydrocarbons. 

Hydrocarbons in natural waters are determined by extraction followed by gas 

chromatography, with or without mass spectrometry (Telang et a l . , 1975). Hydrocarbons 

are further resolved into alkanes, aromatics and polar (heteroatom) compounds. Alkanes 

may be further resolved into n-alkanes and 'branched + cyclic' compounds by clathrate 

formation using molecular sieves. This is of particular importance when evaluating 

the odd-carbon preference of n-alkanes in the presence of substantial amounts of 

other alkanes. 

Summary: The biogeochemistry of the Marmot stream water involved studies of 

total organics and a variety of unique organic compound groups of carbohydrates, 

phenols, and tannins and lignins. Concentrations were found to be about 4 mg/litre 

in total, ranging from hydrocarbons at O.OS to tannins and lignins at 100 vg/litre. 

Loadings in the stream were about 10 tonnes per year total, ranging down to 0. 5 kg/yr 

for trace hydrocarbons. Mean annual standing crop of biota in the stream was about 

12 kg in the test section; annual production was estimated to be about 80 kg in the 

test section. Total biotic organic input into the stream in the test section was 

estimated to be 0. 6 tonnes per year. Biosynthesis of the organic matter give 

proteins, carbohydrates, lignins, hydrocarbons, fatty acids, amino acids; secondary 
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processes give humic and fulvic acids, tannins and additional free amino acids. Analyses 

in the present study involved gas chromatography for individual compounds, colorimetric 

methods for compound groups and well-known standard methods for TOC, BOB, COD and DO. 

/ 
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3. STREAM PROCESS FRAMEWORK 

The cold, clear waters of the Marmot stream system in the Rocky Mountains carry 

measurable loads of organic substances, and measurable changes in those loads occur 

as the waters move through the 2.2 km test section of the Marmot creek. To account 

for the observed changes in stream loading we present the accompanying conceptual 

model. The proposed model illustrates the test section of the Marmot stream as a 

process reactor. 

As a reactor, in analogy with those of chemical process engineering, it is a simple 

flow-through unit with two main processes taking place under ambient conditions. In 

one process, organic substances are degraded or converted; thus they are depleted in 

mass flow (and probably in concentration also). In the other process, organic 

substances are evolved, either through in-situ biosynthesis or leaching, or by 

conversion, for example, by the hydrolytic appearance of amino acids through the 

breakdown of proteins. 

This environmental reactor, in analogy with an engineering process reactor, 

has a number of side streams. One set of sidestreams (arrows 1 and 2) introduces 
additional organic material to the waters in the test section; another other set 

(arrows 4 and 5 describes the loss of organic material from the waters of the test 
section. Finally, processes within the stream water of the test section generate 

organic matter (arrow 3) and other processes degrade organic matter in the stream 
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(arrow 6). The processes of transfer and conversion that relate to these changes make 

up the bulk of the discussion in this section of the report. 

The Marmot basin had been provided with extensive Instrumentation for gauging the 

flow of water in the basin streams. Accordingly data were available for establishing 

mass flows of organics as noted in earlier sections of this report. Thus, i t was 

possible to evaluate the net flow of water into the reactor, or on occasion net leakage 

of water from the system by comparing the downstream outflow with the sum of the inflow 

streams for the three upstream creeks (Cabin, Middle and Twin Fork). In a l l seasons 

there was a net local inflow into the test section to account for a larger downstream 

outflow in Marmot creek. To evaluate the organic loading of the test section, the 

analytical data for concentration were multiplied by stream-gauging flow rates. This 

readily provided mainstream 'Inflow' and 'outflow' mass movement of organics. The net 

gain in water in the test section was attributed to net inflow of water from groundwater 

and surface water in the test section. After multiplying by an appropriate concentration 

term, this then gave the local inflow of organics to the Marmot creek. In the absence 

of any better data for this concentration term, i t was taken to be the weighted average 

of those of the three confluent streams entering the test section. 

The difference in organic loading between the input and output waters was therefore 

attributed to allochthonous i n f a l l , in-stream processes of conversion and transport, 

and stream bed removel to, or leaching from, the sediments. Typical mass flow data 

were presented in Section 2.1. Clearly the data obtained for the changes in mass 

loading of organics in the reactor (Section 2.1) were subject to substantial error 

because of uncertainties in measurement, both in stream gauging and analyses for con

centration. Without going into a comprehensive discussion of errors^ i t is important 

to note that stream gauging was shown to be within plus or minus three per cent 

(Water Survey of Canada, Calgary Branch). Analytical precision ranged from 20% for 

humics to 10% for amino acids, as revealed by replicate analyses. 

The following sections deal with each of the model inflows and outflows in 

detail. 

3.1 Organics in Local Inflows (Arrow 1) 

More water passes out of the system than enters at the upstream check points. 

This is a result of local drainage into the stream system encompassing over-the-

surface flows, minor tributary rivulets and spring base-load, i.e., subsurface waters. 

The volume of water in local inflows is relatively small, generally no more than 

20% of the mainstream outflow. To generate data from the mass flow or organics in 

these waters, i t is necessary to have concentration data for the organics in the 

waters and corresponding discharge information. As a first approximation, the 

concentrations of organics in local inflows may be taken to be the same as those 

in the entering mainstream waters, as was done in the case of the Medicine river 

study (Hodgson et a l . , 1978). While this may not be exactly appropriate, any errors 
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i n t r o d u c e d a r e s m a l l i n the o v e r a l l l o a d i n g because o f the s m a l l volumes o f water 

i n v o l v e d i n l o c a l i n f l o w s r e l a t i v e to the mains tream f l o w . The p r i n c i p a l e r r o r s r e l a t e 

to the groundwater o r g a n i c s where d i a g e n i c p r o c e s s e s i n the s o i l s and s u b s o i l s may be 

more advanced t h a n i n the s u r f a c e w a t e r s . The d a t a below i n d i c a t e , however, t h a t 

these d i f f e r e n c e s were not g r e a t . 

O r g a n i c s i n groundwaters were measured f o r Marmot groundwaters by W a l l i s (1978) . 

They f e l l i n the range o f 1-A m g / l i t r e . T h i s i s i n commensurate agreement w i t h 1-7 

m g / l i t r e f o r s p r i n g w a t e r s , 0 . 0 2 4 - 0 . 3 f o r deep w e l l waters and 0 . 2 - 0 . 3 f o r s p r i n g 

waters from d a t a rev i ewed by G r i g o r o p o u l o u s and S m i t h (1971) . As a r e s u l t , the d e c i s i o n 

to equate the groundwater f i g u r e w i t h t h a t f o r u p - s t r e a m water i n s t r i k i n g the mass 

b a l a n c e f o r o r g a n i c s i n the s tream r e a c t o r seems j u s t i f i e d . 

S u r f a c e waters a r e d i f f e r e n t from s tream waters o n l y i f the v e g e t a t i o n i n the 

t e s t s e c t i o n i s s i g n i f i c a n t l y d i f f e r e n t from t h a t u p - s t r e a m . W i t h i n the c l o s e c o n f i n e s 

o f the Marmot b a s i n t h e r e i s a l i t t l e v a r i a t i o n i n v e g e t a t i o n a l o n g the s t r e a m s . 

In the p a r t i c u l a r case o f d i s t u r b a n c e o f the f o r e s t s o i l s r e s u l t i n g from f o r e s t 

c l e a r - c u t t i n g , a n a l y s e s o f the l o c a l s tream i n d i c a t e d t h a t some o f the o r g a n i c s r e a c h i n g 

the s tream i n c r e a s e d i n amount. In i l l u s t r a t i o n o f t h i s , the d a t a i n the f o l l o w i n g 

t a b l e were assembled f o r summer p e r i o d s f o l l o w i n g the c l e a r c u t t i n g . These d a t a however 

were v e r y s k e t c h y and o n l y those f o r t a n n i n s and l i g n i n s showed an i n c r e a s e . 

O r g a n i c s i n C a b i n c r e e k summer waters 
k i l o g r a m s / d a y 

1974 1975 1976 

Humics - 3.2 3 ,295 

T a n n i n s & l i g n i n s 0.83 1.045 1,040 

P h e n o l s - 0.006 0.05 

Amino a c i d s 0.026 0,02185 0,0251 

F a t t y a c i d s - 0.017** 0,0019 

C a r b o h y d r a t e s - - 0,17 

BOD 0.9 2,435 2 .5 

COD 5 .2** 6,235 4 ,87 

* D a t a a r e averaged f o r J u l y and August 

* * D a t a f o r one month 

C o r r e s p o n d i n g d a t a f o r s treams i n the two o t h e r s u b - b a s i n s i n the Marmot system 

showed no t r e n d i n l e v e l s o f o r g a n i c s w i t h t i m e , i n d i c a t i n g t h a t the above d a t a 

may have been r e l a t e d to the s u r f a c e d i s t u r b a n c e s i n the C a b i n s u b - b a s i n , the e f f e c t s 

o f w h i c h d i e d out as the y e a r s p a s s e d . In t h i s way, the e f f e c t s o f c l e a r c u t t i n g i n 

the Marmot b a s i n appeared as s l i g h t l y i n c r e a s e d o r g a n i c s l o a d i n g s due to i n c r e a s e d 

s u r f a c e r u n o f f o f o r g a n i c s from d i s t u r b e d s o i l s . The p r i n c i p a l e f f e c t s were apparent 
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not in the labile organics (the amino acids) but in the refractory compounds, largely 

in tannins and lignins. 

Since analyses of organic compounds began almost simultaneously with clearcutting 

operations in the Cabin Creek sub-basin (clearcutting began 2 months after the 

sampling program was initiated), very few data were available for organic compounds in 

stream prior to clearcutting. Accordingly, an analogue approach was used. In this 

approach the data for the clearcut stream were compared with those of related undisturbed 

streams. 

The abundance of tannins and lignins in the waters of the clearcut Cabin creek 

sub-basin was much higher (averaging 500 yg/1) than those in the undisturbed sub-basin 

waters (100 ug/1). During the fi r s t two months of the study period (June and July) 

levels of these compounds in the waters of the Cabin creek were about 180 ug/l- After 

clearcutting in August, 197A levels of tannins and lignins in the Cabin Creek waters 

increased four-fold (from 180 ug/1 to 735 ug/1)• During the same period tannins and 

lignins in the waters of the undisturbed areas of Twin and Middle Fork remained much 

lower, ranging from 10 ug/1 to 250 ug/1. The increased tannins and lignins in the 

waters of Cabin creek were thus probably due to clearcutting of the vegetation in 

the sub-basin, and this abundance in their content persisted for the next four years. 

Two years after the end of the study the tannins and lignins were found to have fallen 

to about 160 ug/1 and 215 ug/1 on the basis of analyses carried out on October 17, and 
November 11, 1980 respectively. 

It is apparent that tannins and lignins in the waters of the clearcut region 

during the course of the study were four times more abundant than those in the analogue 

stream. It is not clear, however, whether they were four times as abundant before the 

clearcutting. It now appears that they are dropping toward the original levels. The 

significance of the data was analyzed in terms of effects that might be attributed not 

only to clearcutting but to 

(a) differences in vegetation and soils due to differences in bedrock type, and 

(b) a forest fire AO years before. 

In the f i r s t instance, i f the pre-clearcutting tannins and lignins were at the 

same level as in the undisturbed analogue basins, i t may be argued that the implicit 

four-fold Increase followed the 'clause' far too closely in time. It is Important 

to note that the June/July levels of 1974 (180 u g / D which may have represented pre-
clearcutting levels, appeared to cycle annually through the data of the next four 

years. Accordingly, i t may be unwise to take the June/July levels of 1974 as the 

steady pre-clearcutting levels. 

On the other hand, assuming that the indicated rise in 1974 was real, surface 

run-off movement could account for almost immediate transportation of these compounds 

from the clearcut area to the stream waters. Surface run-off may have been augmented 

by damage to soil structuring during the clearcutting operation. This would have 

resulted in more extensive leaching of these compounds from plants and s o i l . 
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The waters of the undisturbed areas of Twin Fork and Middle Fork and the clearcut 

area of Cabin creek drain into the waters of Main Marmot. The effect of clearcutting 

at Cabin creek was therefore expected to be reflected in the Main Marmot waters. The 

levels of tannins and lignins in the Main Marmot waters (60 yg/l to 50 yg/1) were 

consistent with such a hypothesis. 

Abundances of tannins and lignins remained high in the Cabin creek waters 

(averaging 500 yg/1) and in the Main Marmot waters (averaging 225 yg/1) through 1978. 

This suggested that the forest-stream ecosystem of the Cabin creek sub-basin had yet 

to stabilize the levels of tannins and lignins after clearcutting, i f indeed they had 

been elevated by the clearcutting. 

It needs to be pointed out that there is a difference in the vegetation pattern 

of the Cabin creek sub-basin and that of the undisturbed sub-basin. In the Cabin creek 

sub-basin 26% of the total vegetation is non-forest and alpine vegetation and the other 

74% is coniferous forest. In the analogue Middle Fork sub-basin 67% of the total 

vegetation is non-forest and alpine vegetation and the other 33% is coniferous vege

tation. It may therefore be argued that higher levels of tannins and lignins in the 

Cabin creek stream waters could be attributed to the dominance of coniferous forest 

vegetation since tannins and lignins form 25 to 30% of the total organic matter in 

conifers (Brauns and Brauns, 1960; Sarkanan and Ludwig, 1971; and Canadian Forestry 

Service, 1967). It is possible, however, that higher levels of tannins and lignins 

in the Cabin creek waters reflect differences In vegetation as well as the clear-

cutting effect. If this were true, then the low values (160 yg/1 and 215 yg/1) 

observed for water samples of October 17 and November 11, 1970 indicate that the 

clearcutting effect is dying out, and the higher values 160 yg/1 and 215 yg/1) 

observed in October and November, compared to undisturbed stream (20 yg/1), reflect 

the ambient level due to the contribution of coniferous vegetation. 

Since small areas of the Cabin creek sub-basin were burned by a forest fire 

in 1936, a relationship between the forest fire of 1936 in the Cabin creek sub-basin 

and the higher abundances of tannins and lignins in the stream waters of the sub-basin 

was also evaluated. Assuming for the moment that the forest fire of 1936 was the 

cause of increased tannins and lignins, then groundwater movement should account 

for the transportation of these compounds to stream waters. It was possible that 

after the forest f i r e , organic compounds were leached out from dead vegetation, 

infiltrated into groundwater and may have reached surface waters after 40 years 

due to slow groundwater movement. Based on hydraulic conductivity studies and the 

distance from which water Infiltrates, Wallis (1978) concluded that, in the Marmot 

basin, the time taken by groundwater to reach the stream water averages about 11 

years. Separate studies using tritium isotopes conducted by Sklash (1978) in the 

Marmot basin also confirmed this time period. Thus, the effect of the 1936 forest 

fire on levels of organic compounds, particularly refractory compounds tannins and 

lignins, should have been noticeable by 1947. Levels of tannins and lignins would 
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have remained high for a few years and then returned to normal levels after some time 

period. Thus, the forest fire of 1936 appears unlikely to account for higher levels 

of tannins and lignins in the clearcut Cabin creek. 

Effects of clearcutting at Cabin creek on the concentration of humic substances 

were apparent, but to a much lesser degree than on tannins and lignins. Humic sub

stances were more abundant in the waters of the clearcut area of the Cabin creek sub-

basin (average 850 pg/1) than they were in the waters of the undisturbed areas 

(average 790 pg/l). Levels remained high until the end of 1975. The higher values 

observed for the Cabin creek waters were attributed to the deforestation treatment, 

which certainly caused some damage to the soil structure and increased surface run-off 

which would have resulted in extensive leaching of the compounds from the s o i l . After 

January 1976, the levels of humic substances in the Cabin creek waters appeared to 

approach those of waters of the undisturbed areas of the basin. This suggests that 

the damaged soil structure of the Cabin creek ecosystem was stabilizing one and one-half 

years after clearcutting. 

Organics in 
* 

Twin Fork Waters 

1974 1975 1976 

Humic substances - 6.0 7.25 

Tannins and lignins 0.74 0.19 0.98 

Phenols - 0.025 0.0335 

Amino acids 0.082 0.05445 0.10885 

Fatty acids - 0.003** 0.0105 

Carbohydrates - - 0.645 

BOD 
** 

3.36 6.0 11.0 

COD 
** 

15.96 10.65 6.42 

* Data are averaged for July and August 

** Data for one month 
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Organics in Middle * 
Creek Waters 

1974 1975 1976 
Humic substances - 4.15 5.55 
Tannins and lignins 0.51 0.168 1.08 
Phenols - 0.022 0.042 
Amino acids 0.061 ' 0.0325 0.122 
Fatty acids - ** 

0.0025 0.0655 
Carbohydrates - - 0.34 

BOD ** 
2.94 6.3 12.09 

COD ** 
31.9 4.04 12.59 

* Data are averaged for July and August 
** Data for one month 

3.2 Allochthonous Organics (Arrow 2) 
The processes in arrow 2 of the figure are involved in introducing allochthonous 

material into the stream waters, and in macerating those substances mechanically so 
that leaching of soluble organics i s f a c i l i t a t e d . 

Allochthonous substances comprise two classes of material. One i s the f a l l of 
leaves from overhanging trees; the other i s miscellaneous organic matter comprising 
organic dusts, largely accumulating in winter snows immediately associated with the 
stream, and leachates from summer fall-through of precipitation. 

Soluble organics are released from these substances, but the release in the 
case of fallen leaves i s largely dependent upon prior physical maceration of plant 
tissue. 

The composition of the leachate i s not well-known, but analyses on leachates 
from soils and organic soils undergoing prolonged decomposition indicate the 
following distribution of organics in solution. 

Organics in decomposer leachates of so i l s . 
yg/litre 
Soils Peats 

TOC 14,500 -Tannins and lignins 550 7,300 
Phenols 2 <0.001 
Amino acids 120 190 
Carbohydrates 39 0.07 

From Baker (1980), average of 17 soils 
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3.3 Organics from Autochthonous Generation (Arrow 3) 

The productivity of streams is a function of biological population number, 

nutrients, intensity of light, temperature of the water, and absence of biocides. 

Primary production in the Marmot streams is carried out almost solely by algae 

and the moss Hygrohypnum luridim, apparently in association with sessile bacteria 

(Geesey et a l . , 1978). The description of the photosynthetic organisms is as follows. 

Mucilaginous Cyanophyta were often the dominant primary producers in the slime. The 

species varied seasonally. In March Phormidium spp. comprised 88% of the attached 

algal population. In the spring these were succeeded by the filamentous blue-green 

alga Hydrurus foetidis which were in turn succeeded by the diatom Hanneae arous in 

the f a l l . Microscopic counts for the photosynthetic algae indicate that the numbers 

are quite small relative to the bacteria, with only about one per cent of the cells 

being photosynthetic. There is much greater biomass in the algae than in the 

bacteria. The seasonal rise and f a l l in population numbers is apparently controlled 

by the amount of light reaching the photosynthesizers, particularly when limited by 

ice and snow cover in the winter season. 

Terrestrial primary production also results not only in biomass but also in 

biochemical compounds leached to the stream waters. The composition of the released 

organics is thought to be dissimilar from that of the stream organics since humics 

are derived organics and are not biosynthesized. Tannins and lignins, and phenols, 

are directly related to vascular plants. On the other hand single-celled photo-

synthesizers generate carbohydrates, amino acids, fatty acids and hydrocarbons, 

with total biomass distributed as follows for algae: 

Carbohydrates 15--20% of dry weigKt 

Proteins and peptides 10--70 

Lipids 15--20 

Waygood et a l . , (1976) 

Doelling (1978) reported other algae containing 80% lipids by weight. The 

secretion of lipids by freshwater phytoflagellates provides a good illustration 

of the release of biotic organics to a culture medium. For example Billmire and 

Aaranson (1976) presented the following data for lipids both inside and 

outside the cell wall: 
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Lipid content of Oohromonas danaia ^ 
cells and cell-free culture medium compared 

% of total lipid 

Lipid Class Cell 
Cell-free 
Medium 

Neutral 1 ± 2 68 + 2 

Sterol esters, hydrocarbons 4 ± 0,2 8 + 1 

Triglycerides and unknowns 12 ± 0,3 31 + 2**t 

Free fatty acids 3 ± 0,2 9 + 1 

Sterols 8 ± 2 10 + 1 

Pigments 4 ± 0.2 9 + 2 

Complex 

Glycolipids 39 + 1 13 + 1 

Phosphatides 19 ± 1 3 + 0,4 

Sulfolipids 11 ± 1 16 + 2 

* Average of three trials with standard deviations 

**t Likely to be unknown because the material 
triglyceride stains. 

did not stain with 

Billmore & Aaranson (1976) 

The local autochthonous evolution of such compounds may be summarized: 

CO2 (ag) ->• biomass particulates -> soluble 

in which a l l three processes are taking place concomitantly so the standing crop 

loading in the stream is estimated to be: 

CO2 as HCÔ  500 kg/2,2 km section 

biomass 32 kg/2.2 km section 

particulates kg/2,2 km section 

soluble organics 14 kg/2,2 km section 

3,4 Organics in Bed Outflow (Arrow 4) 

Streams derive water from both base load inflow (included in arrow 1 along 

with oversurface flow) and groundwater recharge from the stream bed. The mass 

balance model shows the recharge item as arrow 4. So far as monitoring of the 

stream organics is concerned, this is a simple loss from the stream included in 

net inflow or arrow 1. 
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3.5 Absorbed Organics (Arrow 5) 

Arrow 5 Indicates the loss of dissolved organics through absorption on stream bed 

particles. Using (HCOH)^ to represent organic matter the system is 

(HCOH) , T . ^ (HCOH) , ̂  , 
n (solution n (absorbed) 

At equilibrium there is no net absorption or loss from the stream. For a stream 

bed that has been in existence for hundreds and thousands of years, i t is likely that 

equilibrium conditions will have been established with inorganics in the stream bed 

and no changes would be anticipated in the steady flow of organics through the system. 

The introduction of new loading of inorganics to the stream bed, however, may unbalance 

the system and move the equation to the right i f the newly-introduced minerals are 

less completely saturated with organics than the indigenous particles. So also, i f 

the newly-introduced soils are heavily laden with organics, there will be a net 

transfer to the stream water. 

Sediments leaving the Marmot stream system suspended in the water are more 

abundant than those entering the system, as indicated below for data of June 1975. 

( 
Entering, per 100 minutes 5.0 kg 

Leaving, per 100 minutes 6.2 kg 

Net entry to the system 1.2 kg/100 min. 

Organic content 5% (est.) 

Organic loss due to eroded 
sediments 0.06 kg/100 min. 

The above organic loss is from the stream bed. The extent to which this loss is 

transferred to the stream waters, i f any, is related to the relative rates of 

absorption and desorption which in turn are dependent on the relative concentrations 

compared with sediments already in the system. Theoretically, this can be tested 

analytically by comparing organic loadings of stream bed sediments with the 

organic loadings on new particles entering the test section, i.e., at the 

upstream entry port. 

a d s o r p t i o n 
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This is a difficult procedure because of major variations in mineral sizes and 

composition. Furthermore, the magnitude of the effect is indicated by the above 

data to be very small. Consequently, in the present analysis the question is 

treated as of l i t t l e importance. 

It should be noted, however, that the question assumes major importance when 

dealing with foreign substances that may be introduced to the stream. In this case, 

they enter the dynamic equilibrium and distribute themselves according to adsorbability 

and concentration gradients. The kinetics of adsorption and desorption then take on 

paramount importance in assessing the processes of transfer to the sediments of 

dissolved organics. 

Transfer processes are functions of mixing, diffusion, adsorptivity, surface 

area and surface activity (numbers of binding sites). 

Finally, the overall effects of loss through adsorption also depend on whether 

the adsorbed substances are converted to other substances and thus interfere with 

the reverse reaction of desorption. If the product of conversion is readily 

desorbed, the equilibrium point shifts to the right; If not, the kinetics of 

adsorption w i l l be slowed through hindered adsorption. These aspects are dealt 

with more fully in the process of conversion in the following section. 

3,6 Conversion and Transport (Arrow 6) 

The processes of conversion and transport of organics that take place in a 

cold mountain stream are those of any stream anywhere, modified only by cold tempera

tures, high oxygen content, simple inputs from mountain vegetation and soils, and 

short residence times, 

Basic processes are those of oxidation, hydrolytic breakdown of organics and 

transport to the stream following leaching of soils, sediments and organic detritus. 

Unexpected effects arose from processes of conversion and transport that take 

place in the Marmot stream system to a significant degree not only in the summer, 

but a l l year round. Indeed, the seasonal effects are of prime importance even 

though the oxygen loading is nearly constant at saturation the year round. 

Clearly surface runoff is important during the spring melting period, but 

the major burst of organic loading takes place in the f a l l of the year in response 

to leaf f a l l at that time. 
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Processes of conversion may be treated as follows: 

The basic reaction for the oxidation of a hydrocarbon (RCĤ ) is 

RCĤ  + 1/2 O2 RCH2OH 

the rate of disappearance of RCH. is 

k (RCH3) <02) 
1/2. 

9 

for a fixed (O2) 

djRCH.) 
dF^" k (RCHg), 

a pseudo first-order reaction. 

This equation is appropriate for a system that is homogeneous, i.e., with both the 

hydrocarbon and oxygen dissolved in water. 

If the system is heterogeneous, i.e., with conversion near, on, or in a 

particle, the kinetics are more complex, involving not only the transfer of the 

reactant and products, but also possible catalysis. 

The sequential reactions may be presented as follows. Assume that a particle 

exists in the solution of RCH^, that i t has a boundary layer of solvent, and that 

the reaction takes place at the surface of the particle inside the boundary layer. 

First, the soluble hydrocarbon must reach the boundary layer. This Involves 

transfer by mixing or diffusion, from the bulk solution to the layer. In both 

cases at steady state, the concentration in the boundary layer is the same as that 

in the bulk solution. Only when the rates of subsequent reactions of transfer or 

conversion are appreciable in magnitude, when compared with those for diffusion 

and mixing, do the diffusion and mixing processes become important. 

The next step deals with the adsorption of the reactant (RCĤ ) onto the 

particle surface. Although the adsorption depends on transfer through the boundary 

layer, adsorption more frequently is treated directly in term of transfer from the 

bulk solution to the particle surface. The Langmuir equation for this i s : 

q = 
Qbc 

(1 + b)C 

and that of Freundlich: 

q = KG 
.1/n 
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and that of Brunauer et a l . , (BET): 

q = QAC 
(C -C) (1 + (A-1)C/C ) 
s s 

where q = the amount adsorbed 

Q = ultimate uptake capacity of adsorbent, mol/g 

b = Langmuir energy term, 1/mol 

K = adjustable curve-fitting constant 

n' = adjustable curve-fitting constant 

A = BET energy term, l/mol 

C„= saturation concentration of solute in solution, mol/1 

C = concentration of solute at equilibrium 

The Langmuir equation is for monolayer adsorption and the BET equation is widely used 

for multilayer adsorption. The Freundlich equation is a simple empirical equation. 

These adsorption equations are not kinetic equations. The rate of adsorption 

through the boundary layer (bdy) is a function of transport into the layer as noted 

above and transport out of the layer on to the adsorptive surface. The rate of the 

latter process is given by 

' ^^'"3^(ads)> = k (RCH3 (^^y))QA 

where Q describes the adsorptivity of the surface per unit area, and A, the area. 

The sequence of reaction is thus 

'̂ "̂3 (soln) ^ ™ 3 (bdy) ^ ^^^3 (ads) 

and both reactions are reversible transfers: 

^™3(soln) <=> ^̂ "3 (bdy) <=> ^^"3(ads) 

since the total volume of the boundary layer is very small relative to the bulk of 

the solution, the intermediate term is frequently neglected. However, we will retain 

i t , since i t is relevant to biogeochemical processes. 

Returning to processes of conversion, the indicated hydrocarbon may be oxidized 

in any or a l l of the above positions. If the adsorbing particle has catalytic 

properties, i.e., where 

^™3(ads) + 02(^^3) - RCH20H(ads) 
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proceeds more rapidly than 

'^^S(soln) '̂'̂  °2(soln) ^ ^'^^2"(soln) 

the net transport will be from left to right 

'^^SCsoln) ^ ^™3(bdy) ^™3(ads) + 1/2 02^^^^^ 

1/2 02(ads) 

RCH20H(ads) <=> RCH20H(bdy) 

t 

RCH-OH, . , 
2 (soln) 

and then the products undergo desorption and release from the boundary layer, the 

latter process being reversible. Thus the possibility of the surface becoming 

blocked with oxidation products must be recognized. The result is that the 

transfer RCH_ , . to RCH., , , is hindered because of Q in the rate equation for 
3(bdy) 3(ads) ^ ^ 

adsorption. 

The underlying assumption of most heterogeneous reactions such as this 

'oxidation on a particle' is that the actual oxidation is catalyzed by the 

surface in some way. That i s , the activation energy for the oxidation is 

reduced by surface forces. As a result, the surface reaction products from 

the surface adsorption not only augment the product of the homogeneous oxidation 

but in many cases far exceed i t . 

The activation energy of biological oxidation reaction is extremely low 

because biochemical pathways are essentially isothermal. Thus hydrocarbons 

are oxidized by the formation of high-energy biochemical bonds: 

COa^* Y ^ A T P 

OXIDATION BIOSYNTHESIS 
energy chemical 
release work 

Og ^ A D P + PI < ^ 
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In most biological systems n-alkanes are oxidized to the corresponding primary 

alcohol. 

R - C H 

R - C H g O H 

'/2O2 

P-450 reduced Fe*^ 

C Y T O C H R O M E 

P-450 oxidized Fe*' 

6-Oxidation, or subterminal oxidation, is less common but has been well proven 
e.g., tridecane is oxidized: 

CH,(CH,), - C H , - CH, - CH, 

• 0 

- C H , -CHOH - CHj 

- CH, -CO - CH, 

- CH, - 0 - CO - CH, 

- CH,OH • HOCOCH, 

- COOH 

The rate reactions discussed above are directly relevant when the heterogeneous 

particle is identified as a bacterium. Again transfer processes are required f i r s t 

to introduce the substrate to the boundary layer of the bacterial particle, through 

any exogenous slime layer and ultimately into the organism where the biochemical 

oxidation takes place. The products, i f dissimllatory in nature, move back out 

through the cell wall and boundary layer into the bulk solution. If asslmilatory 

uptake is involved, the release of the products does not take place. 

The rate of the overall reaction 

3(soln) 2 (soln) 

may be monitored by measuring the production of RCĤ OH, i f that substance has some 

direct importance; in most cases, i t is sufficient to know the rate of disappearance 

of RCH^. In either case, i t is important to recognize that a sequence of reactions 
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i s Involved and the overall rate i s determined by the slowest reaction. It may be a 
process of transfer (including cell-wall transport) or a process of conversion. It is 
of paramount important to know which process dominates in the overall reaction. 

Summary: Biogeodhemioal processes of change in the Marmot mountain-stream waters 

are conveniently illustrated in a process-reactor stream model. The model represents 

processes of conversion and transport taking place in the 2.2 km section of the Marmot 

stream. Differences between stream inflow and outflow are attributed to local transfers 

and to reactions taking place within the test section of the stream. Autochthonous 

generation of soluble organics contributes to the load of stream organics in the 

internal system of the stream waters. Allochthonous generation is accommodated in 

the model by exogenous sources for stream organics. Leakage of organics from the 

stream is expressed in terms of ground-water recharge to the stream bed. Similarly, 

over-the-surface flow and groundwater discharge within the test section account for 

local introduction of organic substances. Local transfers, i.e., transport involving 

soil leaching and groundwater movement were not affected to any significant degree, 

except in the cases of humic and fulvic acids, by clearcutting in the Cabin creek 

subbasin. Removal processes are recognized in the model (in aspects of both con

version and transport) since these involve classical processes of adsorption, 

deposition and catalysis, embracing both chemical and biological reactions. 
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4. STREAM LOADING OF ORGANICS 

The foregoing chapters indicated how the organic compounds of a stream arise, how 

they enter the stream system and form an integral part of that stream, and finally 

how they illustrate the general processes of transport and conversion in the flowing 

body of water. It is clear that the indicated processes are not t r i v i a l , not even 

in a clear pristine mountain stream. Substantial processes of change take place over 

very short periods of time—as short as one hour. It is important to examine these 

dynamic processes in greater detail, with a view of developing a much more detailed 

understanding of the conversion processes, not only to illustrate what is taking place 

in this small mountain system, but more importantly to be able to predict.what will 

happen i f 'unnatural' organic compounds are introduced into this or other drainage 

systems in northern latitudes. 

To this end, the Marmot stream system offered a unique opportunity for evaluating 

stream dynamics, largely because the hydrology of the streams has been well monitored 

by the Water Survey of Canada. Thus, data were available to the biogeochemistry 

project which permitted evaluation of stream loadings of organic substances. With 

these data the mass transport of dissolved substances in the Marmot creek could be 

evaluated, and on a seasonal basis. Further, the study could be extended well 

beyond the simple monitoring of concentrations. Thus the masses of substances 

entering the test sector and the mass leaving the sector were calculated. This then 

gave the change in the loading of those substances. By relating the change in the 

loading to the environment within the stream, i t was possible to infer the processes 

responsible for the observed changes. 

To illustrate the power of this analytical approach, the following listing gives 

the customary stream data in concentration format: 

Organics in stream waters, average for Marmot stream, yg/litre 

Total organic carbon 4150 

Humic and fulvic acids 790 

Tannins and lignins 102 

Hydrocarbons 0.05 

Phenols 2.2 

Total fatty acids 2.1 

Carbohydrates 44.3 

Total amino acids 9.8 
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In contrast with the foregoing, we present the following summary data for glycine (an 

amino acids), in the stream water, for its concentration, transport and conversion. In 

this way a 30% depletion was indicated for glycine in the test section on this particular 

occasion. 

Glycine 

Cone., ug/litre 0.28 

Mass inflow, gm/day 6.03 

Mass change, gm/day -1.79 

Mass change, % of inflow -30% 
1 

Similar data were developed for a l l the organics in the stream waters. 

The changes in loading of the dissolved organics leads to the question of stream 

biogeochemical processes. Thus the biogeochemist is able to ask "Why is 30% of the 

glycine that enters this test sector of 2.2 km lost, destroyed or taken up in the 

100 minutes that the water is in the test sector?" This leads immediately to a 

consideration of the processes that may be Involved, with some conclusions as to the 

identification of the dominant processes. 

The present chapter gives the basic picture of stream loading and transport. 

The following chapter goes into details of processes of conversion and transport by 

using more sophisticated methods of analyses and data treatment for hydrocarbons, 

amino acids and fatty acids. 

The data to be treated were obtained monthly. To facilitate the handling of 

the monthly data, they were grouped by season. The hydrologie (or stream flow) data 

for the Marmot creek, as shown below. Indicate three seasons rather than four; 

detailed assessment or the analytical data indicated the same. As a result, the 

year was divided into three four-month periods, designated as winter (January to 

April), spring/early summer (May to August) and late summer/fall (September to 

December). For convenience these are shortened to winter, spring and f a l l in the 

present discussion. Clearly the processes of transport and conversion in the winter 

period are likely to be different from those of the spring. Fall shows a transition 

back to the gentle ice-covered environment of winter. 
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Marmot Creek Main Stem 
Discharge Hydrograph for 1976 

4.1 Total Organic Carbon 

Total organic carbon Is the non-carbonate carbon in the stream that can be 

oxidized to carbon dioxide in the laboratory. The concentration of total organic 

carbon entering the test sector of the Marmot stream system is highest in winter, 

decreasing through summer to f a l l . The mass loadings are strikingly different, 

however, because of the marked increase in flow of water during the spring and 

early summer runoff. 
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Total Organic Carbon Winter Spring Fall . 

Concentration, pg/litre 6,250* 4,250 3,250 

Mass entering, gm/day 7,480 56,659 13,393 

Mass change, gm/day +4,982 -3,044 -1,413 

Mass change, % of inflow +67 -5 -10 

Four and five-figure accuracy and 
These figures are used in the table 
and consistency only. 

precision are not claimed. 
:or arithmetical convenience 

The important finding is that organic matter is somehow entering the stream system, 

within the test sector, in winter. Thus, the total organic load Increased in the 

winter period. During the other seasons the TOC load was unchanged as i t passed 

through the test section. 

Considering the errors inherent in the measurements on which the calculations 

are based, any changes smaller than 15% in 'mass change' are not regarded as 

significant. 

The chemical oxygen demand (COD) also showed an increase in the winter. 

Further, i t showed a small increase in the spring and a larger increase in the f a l l . 

COD Winter Spring Fall 

Cone, u g/litre 4,425 8,900 2,825 

Mass Inflow, gm/day 3,339 132,100 9,370 

Mass change, gm/day +2,202 +45,500 +5,496 

Mass change, % of inflow +66 +34 +59 

As would be expected, the biological oxygen demand (BOD) was lower than total 

organic carbon (TOC) in a l l seasons. In general, i t was about half the TOC value, 

indicating substantial biodegradability for the organic matter in the Marmot stream 

waters. The data tabulated below indicate l i t t l e change in BOD throughout the 

seasons. 

BOD Winter Spring Fall 

Cone, yg/lltre 2,100 1,950 1,630 

Mass inflow, gm/day 3,976 23,160 7,721 

Mass change, gm/day -677 -48 +228 

Mass change, % of inflow -17 0 +2 

41 



Data for oxygen loadings are also included in this section on organic carbon. It is 

clear that the oxygen supply was superbly adequate at a l l times. 

Dissolved Oxygen Winter Spring Fall 

Cone, yg/litre 11,475 10,475 11,200 

Mass inflow, gm/day 11,604 218,720 41,700 

Mass change, gm/day +3,388 -9,436 -1,308 

Mass change, % of inflow +29 -4 +3 

There was clearly enough oxygen to oxidize a l l of the organic matter entering the test 

section. Accordingly, the limiting factor in the oxidation of organic matter in the 

stream was not the unavailability of oxygen. 

The foregoing data fi r s t l y indicate l i t t l e or no net depletion of organic matter 

in the test section of the Marmot stream, although the oxygen supply was more than 

adequate for complete oxidation of a l l of the organic matter. 

Net accumulation is inferred from the observations that more organic carbon 

flowed out of the test section than was accounted for in the waters entering i t . 

The entering material was contained in the three confluent streams: Cabin, Middle 

and Twin creeks, plus the organic carbon believed to have been present in groundwaters 

entering the stream test section. The explanation for net accumulation in the waters 

then lies in either or both of the following factors. 

1. The organic content of the groundwaters was appreciably greater than the 

value assigned and included in the input summation, i.e., a concentration 

of organic matter equal to the weighted average of the input confluent 

streams; and/or 

2. Organic matter entered the stream waters from carbon already in the test 

section, i.e., either by autochthonous generation or allochthonous transfer. 

The groundwater possibility seems inadequate to account for the observed net 

accumulation. Groundwater in the region of the Middle creek tributary contained 

4.2 mg/litre dissolved organic matter (Wallis, 1978). Other relevant analyses by 

Wallis (1978) showed groundwater from the saturated zone running about 4.5 mg/litre. 

Summer of 1977 piezometer samples of groundwater averaged 5.3 mg/litre for 50 samples 

(Wallis, 1978). Water in the unsaturated zone averaged 21.2 mg/litre (Wallis, 1978). 

The relative proportions of water from the two zones reaching the stream are not shown, 

but clearly the organic content of the groundwaters is in the range of 5-20 mg/litre. 

TOC in the stream waters entering the test section was about 4.5 mg/litre, averaged 

over 12 months. It is possible to evaluate the effect of ground waters having 

organic carbon significantly different from that of the upstream waters in a kind 

of sensitivity analysis. Thus the mass change may be recalculated as follows for 

the winter period. Assuming groundwater to provide 20% of the stream flow inside 
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the test section, a carbon content of 12.5 mg/litre (average of saturated-zone waters) 

would give a net accumulation not of 67% as indicated above, but of 56%. If the ground

waters were 100% derived from the unsaturated zone, net accumulation would again be 

observed, but only by 13%; i f the incoming groundwaters were derived entirely from the 

saturated zone, the net accumulation would be calculated as 73% of the incoming flow. 

Accordingly, i t seems unlikely that the observed net accumulation of organic matter in 

the stream waters in the winter period was a result of the inflow of enriched ground

waters. 

The net accumulation may well have been the result of generation of dissolved 

organic matter as suggested above or by the leaching of organic matter already in the 

stream. Photosynthetic production of organic matter in the winter seems an unlikely 

source of substantial amounts of dissolved organic matter. Primary productivity data 

generated by Geesey et a l . , (1978) indicate only a very minor addition of fixed carbon 

in the Marmot waters in the winter. Therefore, i t is concluded that leaching of organic 

matter already in the stream must have been the dominant processes for the increase of 

organic carbon in the water of the test section. 

4.2 Humic and Fulvic Acids 

Humic substances are not likely to be formed in the stream; rather they are 

secondary products of plant residues, including bacterial mass to some degree. They 

are generally formed in soils and are susceptible to leaching transport. In f a l l 

and winter the concentrations in the water entering the test section are stable; 

in the spring they rise sharply by about 60%. 

Humic and Fulvic Acids Winter Spring Fall 

Cone, u g / l i t r e 615 1,022 710 

Mass inflow, gm/day 987 28,918 9,741 

Mass change, gm/day -114 -1,094 -2,496 

Mass change, % of inflow -11 -4 -26 

Humic and fulvic acids pass through the test section of the Marmot stream system 

unchanged in winter and spring. In the f a l l , small but measurable depletion of the 

humic and fulvic acids occurs. 

P R O D U C T S 
In stream 

HUMIC a FULVIC ACIDS 
in stream 

HA a FA 
in sediments 
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The submodel for arrow 6 In the general stream model Indicates a simple conversion 

of humics to non-humlcs In the stream. Mechanisms of conversion Include biological 

uptake, chemical conversion and photochemical conversion. The rates for both 

biological and chemical conversions are too low for humics in general to be rational 

mechanisms in the Marmot system. 

It is possible that humics are photochemically degraded in late summer with 

intense ultraviolet radiation unscattered by particles in the stream that may have 

protected the humics (Oliver et a l . , 1979) in more turbulent stream conditions in 

the spring. Indeed, a more detailed examination of the f a l l data reveal that major 

losses of the humics occur in September before freeze-up as would be expected in 

clear water exposed to high-altitude exposure to solar radiation. 

To test the photochemical degradation of refractory organic substances, Chen 

et a l . , (1978) degraded fulvic acids obtained from a poorly-drained s o i l . This was 

done photochemically in solutions containing 0.01% fulvic acid, by irradiation with 

ultra-violet light (253.7 nm) at 20°C in a range of pH levels. At pH 7 nearly 20% 

of the starting material was destroyed in one hour. The fulvic acids were 

destroyed more rapidly at higher pH levels. Organic carbon was oxidized to CO2 

and water, or to carbonate, depending on the pH. Phenols were quickly destroyed, 

and only carboxylic acids tended to persist during the irradiation. The significance 

of the Chen et a l . (1978) findings in the present context lies in the fact that 

photochemical oxidation of recalcitrant organic molecules is an indicator of a 

major process for the depletion of organics in the streams. 

In a similar way Petriconi and Papee (1978) showed the photoreductlvlty of 

aqueous sodium nitrates by stable organics (hydrocarbons) under mild ultra-violet 

Irradiation. Thus, suspensions of benzene irradiated in the presence of nitrates 

showed the evolution of (yellow) nitro derivatives within an hour. The kinetics of 

the simulations gave first-order rate constants of the order of 10 ^/hr for the 

generation of ammonium ion from nitrate when irradiated in the presence of terpin 

hydrate. 

So also. Mill et a l . (1980) demonstrated the photo-oxidation of cumene and 

pyridine in dilute solution in natural waters. Reaction mechanisms were postulated 

to involve alkylperoxy (RO*) and hydroxyl (HO*) radicals. It was concluded that 

the concentration of RO2 was large enough in the case of some classes of reactive 

chemicals for photo-oxidation to be an important process in natural waters. 

While the foregoing data for humic and fulvic acids indicated only marginal 

depletion during passage through the test section, the likelihood of photochemical 

oxidation warrants serious consideration, particularly for less-stable molecules. 

Humic and fulvic acids may exhibit depletion also as a result of sorption 

from the stream waters as indicated in the foregoing model. Again as noted before, 

the sorption process is reversible, and to evaluate the likelihood of its 

accounting for observed changes, consideration must be given to the major factors 
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controlling the equilibrium: 

(HA-FA) <=> (HA-FA) 
(soln) (ads) 

Because of the acidic nature of the organics and the ion-exchange nature of the 

surfaces of the sediments, the equilibrium should be susceptible to changes,in pH of 

the stream waters, assuming that the mass of sediments is comparable to that of the 

humic and fulvic acids. The in-reactor mass of humics Is about 20 kg; the sediment 

suspended in the stream is roughly the same. Sediment on the stream bottom is 

difficult to estimate, but if it were 1 mm thick, it would amount to 4000 kg—200 

times more than that in suspension. As a result, it may be concluded that sediments 

in the stream appear to be much more abundant than the standing load of organics in 

the stream, and that any factors affecting the equilibrium between organics in 

solution and organics on sediment surfaces will be easily reflected in the organic 

loading of the stream waters. 

It follows then that a drift in pH through the test section could occasion a 

release of organic matter, particularly humic and fulvic acids. Measurements, however, 

of stream pH indicated no discernible drift in pH, i.e., nothing greater than 0.1 pH 

over the 2.2 km stream section, and therefore it may be concluded that adsorption/ 

desorption processes are not likely to be important. 

4.3 Tannins and Lignins 

Tannins and lignins are soluble organic compounds derived directly from the 

leaching of vascular plant tissue. In this way they differ sharply from the humics 

which are soil products of plant tissue. Concentration levels of tannins and 

lignins show a sharply different pattern from that of humics. The humics are 

highest in spring. Tannins and lignins are lowest in spring and highest in winter. 

The mass flow data are more striking, with massive increases in the winter waters 

and sharp losses in the spring, and no change in the f a l l . 

Tannins and Lignins Winter Spring Fall 

Cone, ug/litre 390 150 210 

Mass inflow, gm/day 233 2,833 635 

Mass change, gm/day +222 -1,196 +3 

Mass change, % of inflow +95 -42 -1 
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PRODUCTS 
in stream 

photodegradation (spring) 

TANNINS a LIGNINS 
in stream 

leaching (winter) 

A L L O C H T H O N O U S 
BIOMASS in stream 

Again with respect to the general model, the leaching of allochthonous vascular plant 

material is indicated for the winter months. While this plant tissue was in the stream 

considerably before freeze-up in the f a l l , leaching was effective for only about 20% 

of the materials until decomposition by microbes and invertebrates was well advanced. 

The colonization of allochthonous material takes place very rapidly, with the 

successive populations of fungi, bacteria, and grazers. The two major species of 

invertebrates that are effective in macerating the plant tissues, thus facilitating 

the decomposer processes, are Zapeda oolvmhiena and Homoplylex sp. Data for the 

tannins and lignins indicate that the major leaching of plant chemicals takes place 

after several months in the stream. 

With the breakup in spring, tannins and lignins in the stream water are sharply 

reduced. Since precipitation and adsorption appear not to offer reasonable depletion 

mechanisms, by default the true mechanisms are either photochemical degradation or 

microbial oxidation. Studies of biological degradation of tannins and lignins 

indicate very slow rates, presumably because of the complexity of the polymeric 

molecules and their toxic aromatic alcohols (phenols). Lignin is destroyed 

anaerobically by bacteria, as reported by Boruff and Buswell (1934, listed by 

Alexander, 1977) with degradation half-times of about 1 1/2 years. Lignin is 

destroyed aerobically in soils with proposed pathways including depolymerization in 

aerobic environments followed by oxidation of the alkylated phenols to vanillic acid 

and related aromatic carboxylic acids and finally through ring opening to simple 

aliphatic acids. Mushrooms also degrade lignin aerobically (Nickerson, 1971). 

Lignase enzymes, however, are not known as such, and biodegradation processes are 

believed to be slow. 
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If photochemical processes are appropriate for humics, they are even more 

appropriate for the more labile tannins and lignins. 

Tannins and lignins degrade photochemlcally under conditions relevant to mountain 

streams. In the present study, solutions (about 1600 yg/litre)of tannic acid, and 

commercial tannins and lignins were prepared and subjected to ultraviolet radiation. 

Within one hour about half of the tannic acid was degraded; in the case of tannins 

and lignins, the degradation was less pronounced but s t i l l substantial. Qualitative 

data indicated that the reactions were zero-order, typical of photochemical degradation. 

While this effect could explain the high degradation in the stream waters in the 

summer, i t is puzzling to see no net degradation in the f a l l . It is possible however 

that the apparently zero rate of the change in the f a l l is a simple balance between 

photodegradation on the one hand and leaching of fresh le a f - f a l l allochthonous material 

in the f a l l . 

4.4 Carbohydrates 

The data of the accompanying table indicate carbohydrates in the stream water at 

roughly 10-30% of the tannins and lignins. The spring values were about double those 

of the other seasons. 

Carbohydrates Winter Spring Fall 

Cone., yg/litre 30 55 33 

Mass inflow, gm/day 8.2 3129 450 

Mass change, gm/day +3.3 -880 -97 

Mass change, % of inflow +40 -28 -22 

The spring-time inflow of carbohydrates to the test sector was nearly 400 times 

greater than the inflow in the winter season. Nevertheless, there was a net 

accumulation (or gain) of carbohydrates in the stream water as i t passed through 

the test sector in the winter. Thus biomass in the stream is believed to release 

carbohydrates in the winter time with the result of Increasing the loading. 

C A R B O H Y D R A T E S 
in stream 

leaching 

BIOMASS 
in stream 
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Net depletion of carbohydrates in the spring and f a l l may be a result of active uptake 

of the carbohydrates or their hydrolysis products, and of chemical degradation, 

including photochemical degradation. The sub-model for carbohydrates thus provides 

detail for the 'elaboration' and 'degradation' arrows of the general model for stream 

processes. 

PRODUCTS BIOMASS 

\ / 
oxidation uptake \ / 

PRODUCTS 

\ 
uptake oxidation 

CARBOHYDRATES -HgO- MONOMERS 

leaching 

BIOMASS 

A more detailed examination of the data for the spring period indicates major losses 

in June with minor gains in the other months of the spring period. This coincides 

with the spring epilithic microbial blooms for major carbohydrate uptake, and net 

releases in the subsequent months through leaching of the biomass. 

The late summer/fall depletion of carbohydrates may relate to a f a l l blooming 

of diatoms in the Marmot system. 

4.5 Phenols 

Phenols also are most abundant in the spring. In the winter the phenols were 

too low to measure (by the methods used in the early part of this study). In the 

f a l l the concentrations were roughly half the spring levels. As in the case of a l l 

the other organics, the major transport takes place during the spring season of 

high water flow. 
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Phenols Winter Spring Fall 

Cone, ug/litre <1 2.55 1.5 

Mass Inflow, gm/day 84.80 13.2 

Mass change, gm/day -26.00 -8.5 

Mass change, % of inflow -30 -64 

In both spring and the f a l l , phenols are degraded, particularly in the f a l l . Degra-

dative mechanisms may involve microbial uptake, but the known toxicity of phenols 

raises questions as to the likelihood of such a mechanism. On the other hand, phenols 

are readily oxidized and photochemical oxidation is a likely mechanism for depletion 

in the Marmot stream system. 

4.6 Proteins and Peptides 

Waters of the Marmot stream system contain proteins and peptides and small amounts 

of amino acids in other polymeric forms. Determined as 'combined amino acids' this 

fraction is better known as 'proteins' or 'proteins and peptides'. Stream concentra

tions of proteins are steady during'the winter and spring runoff, but drop during 

the f a l l . 

Proteins and Peptides Winter Spring Fall 

Cone, yg/litre 5.31 5.22 2.92 

Mass inflow, gm/day 5.83 10.36 10.54 

Mass change, gm/day +1.74 +1.58 +1.58 

Mass change, % of inflow +30 +2 +18 

Loadings reveal the processes of change. Proteins accumulate in the stream waters 

in the test sector in the winter and f a l l . Thus input processes of transport are 

dominant over those of depletion (hydrolysis, uptake and oxidation). This is consistent 

with foregoing indications of leaching of plant tissues—with the leaching of tannins 

and lignins and the leaching of carbohydrates. 
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AMINO ACIDS 
in stream 

BIOMASS PRODUCTS 

hydrolysis uptake 
/ 

oxidation 

PROTEINS a PEPTIDES 
in stream 

^ach ing lea^hmg 

BIOMASS OTHER 

The processes of conversion and transport are in balance during the spring. 

While the zero change in stream loading during that period could be attributed to 

no processes of change taking place, such a conclusion is hardly warranted. The 

balance appears to be simply fortuitous. The processes of production in this period 

are almost certainly balanced by processes od depletion: hydrolysis, uptake and 

oxidation. 

The dynamics of proteins in the stream water involve many factors, not the 

least of which is the fact that the proteins and peptides comprise a variety of 

proteins and protein fragments. Thus the amino acid composition of the 'proteins' 

would be expected to change with source, transport and conversion. Indeed this is 

clearly the case, as revealed by seasonal changes in amino acid distributions within 

the protein-peptide fraction of the organics in the Marmot stream system. The following 

detailed data for the amino acid composition of proteins leaving the test sector in the 

winter season show that proteins rich in some amino acids are depleted while those rich 

in other amino acids are enriched during the winter. 

A rigorous separation and characterization of proteins in the Marmot waters was 

beyond the scope of the present study, but analytical data was obtained for 'combined' 

amino acids. From these data, certain inferences may be drawn regarding the biogeo

chemistry of proteins in stream water. 

Amino acids in 'combined' forms, i.e., in proteins or related biopoljrmers, are 

fundamentally protected. Thus an alanine monomer in a plant protein functions as a 

protein in the stream rather than as alanine. Thus i t is not exposed to processes 

of decarboxylation or deamination as a result of being imbedded in the protein biopolymer 
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through its carboxyl and amine groups. Accordingly, the analyst follows a protein 

when analyzing for 'combined' alanine, rather than a free amino acid which is a biotic 

monomer completely exposed to the environmental stress of the stream waters. 

Proteins degrade by hydrolysis, and may be depleted in the streams as a result of 

precipitation and adsorption; biological uptake involving enzymatic hydrolysis is 

possible, but is likely to be much less important than direct biological uptake of pre

existing free amino acids in the water of the streams. 

The following sections present data for the mass transfer of proteins as revealed 

by the data for individual amino acids common to a l l ordinary plant proteins. Thus in 

the following table the behavior of proteins in which isoleucine is an important 

constituent is examined. They follow the usual pattern for river biochemicals in the 

winter period. Substantial accumulation is noted as in the case of other blopolymers. 

These proteins accumulated in the test section, consistent with the leaching of 

allochthonous plant debris in that season. In the spring, the data for the proteins 

showed significant depletion, in keeping with the data for other blopolymers. The data 

for f a l l show l i t t l e significant change as in the case for the other poljnners, and very 

different from that for labile and unprotected phenols. 

Protein Isoleucine Winter Spring Fall 

Cone., yg/litre 0.07 0.07 0.04 

Mass inflow, gm/day 0.071 1.17 0.11 

Mass change, gm/day +0.03 -0.41 +0.018 

Mass change, % of inflow +42 -35 +16 

Thus conversion and transport, i.e., biosyntheses and leaching, are important in these 

seasons. Whether biosynthesis is more important than leaching in the f a l l is not 

clear. 

PROTEINS a PEPTIDES 
in stream 

leaching 

BIOMASS 

biosynthesis 

CARBON SOURCE 
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Similar evaluations may be made for other proteins, again using key amino acids. 

For example, proteins in which threonine is important are accumulated during a l l seasons. 

Not only do the data show that acciamulation is taking place, but they also show the 

comparative rates of accumulation. The difference between 56 and 41% increase is 

Protein 'Threonine' Winter Spring Fall 

Cone, yg/litre 0.13 0.18 0.09 

Mass inflow, gm/day 0.34 3.35 0.22 

Mass change, gm/day +0.19 +1.38 +0.22 

Mass change, % of inflow +56 +41 +100 

probably not significant, but the major increase in the f a l l is twice that of the rest 

of the year. 

The same data may be displayed as follows to show the effects more graphically. 

Protein (THR) 

Winter Spring Fall 

The protein(s) so displayed are a very positive input in the dynamic system of conversion 

and transport within the Marmot test sector. 

Other proteins display other patterns of accumulation and depletion, as shown in 

the sketches below. These show three seasonal patterns, one, in which the proteins 

are uniformly mildly depleted; another, in which the protein(s) are strongly accumulated 

(as in the case of the protein with threonine as the indicator, above), and finally 
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Protein (GLY) Protein (6LU) Protein (PHE) 
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« 3 0 . 

x: 
o 

-30" 

-60 . 

s t i l l another in which the change of seasons is accompanied by changes between 

accumulation and depletion, as in the case of the 'phenylalanine' protein above. 

Other patterns were observed, for example a 'serine' protein showed no changes, 

and an 'alanine' protein gave a minor change from depletion to accumulation and vice 

versa for 'valine' proteins. 

Protein (SER) Protein (ALA) Protein (VAL) 

• 6 0 . 

• 3 0 . 

JZl JUL 
o 
u 

- 3 0 . 
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Glycine is the most abundant amino acid of the stream proteins. The seasonal 

pattern for 'glycine' proteins indicates the general depletion in a l l seasons. Total 

proteins, however, show net gain in winter and f a l l and (dynamic) balance in spring. 

• 60 4 

• 30 J 

o> 

O 0 

o 

-30 J 

Total Proteins 

So also the general framework for describing processes of conversion and transport 

for proteins within the Marmot test sector is sketched below. The dominant processes 

on an annual basis are for accumulation of protein in the waters of the test section. 

This presents the same picture as for the other biosynthetic polymers. 
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A net accumulation i s observed, particularly in the winter season, with variations 
among the Individual proteins involved. Obviously the sources and sinks for the 
individual proteins are different, and the processes of transfer (and conversion, where 
relevant) are l i k e l y to be different, particularly i n processes involving solubilization 
and leaching. Thus, for example, proteins involving threonine and glutamic acid as 
marker amino acids are dis t i n c t l y different from those in which glycine, serine, alanine 
and valine are predominant, 

4,7 Amino Acids 
Amino acids occur in stream waters also as free amino acids, Amino acids are 

generated in the water by hydrolysis of proteins: 

Proteins gly + ala + leu + glu + 

The reverse process does not take place except through biosynthesis of proteins, Amino 
acids are leached from biomass, both l i v i n g and dead. The concentration of amino acids 
in the Marmot stream system is adequate for substantial elaboration of stream processes 
of conversion and transport (from abundance data for amino acids) even through the mass 
loading In practical terms i s very small. The actual concentration of these acids 
ranged from 0,04 ug/litre to 2 y g / l i t r e , Amino acids exhibit a wide range of 
structural s t a b i l i t y . In the present study, loading of the Marmot stream system by 
free amino acids was evaluated in the same way as for proteins, carbohydrates and the 
other organics, by combining concentration data with stream-flow data. 

The derived data for stream loading led to grouping of the amino acids as follows: 

Group I - " L i t t l e or no change in loading throughout the seasons"—com
prising alanine, glutamic acid and ornithine; 

Group II - "Strongly depleted in the f a l l season"—comprising aspartlc 
acid, leucine, lysine, proline, serine and threonine; and 

Group I I I - "Miscellaneous loading patterns"—comprising glycine, 
isoleucine, phenylalanine and valine. 

Group I was exemplified by alanine. Alanine in the cold mountain stream showed 
no significant change. Of some significance i s the fact that the winter conditions of 
low flow are accompanied by stream concentrations 2 1/2 to 3 times higher than at any 
other period of the year. The second point i s that there i s no net change in loading 
throughout the year in this stream system for which data for other organics, including 
proteins, graphically show i t to be a dynamic system. The no-chahge loading, then, 
for alanine must be interpreted as a dynamic balance (input equals output) instead of 
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Alanine Winter Spring Fall 

Cone., yg/litre 0.33 0.13 0.09 

Mass inflow, gm/day 0.42 2.27 0.40 

Mass change, gm/day -0.025 -0.13 -0.04 

Mass change, % of inflow -1 -6 -10 

a static system. The same conclusion applies to the other two amino acids of this 

group. 

Alanine, ornithine and glutamic acid are generally regarded as relatively stable 

in comparison with most biogeochemical amino acids, but there is l i t t l e structural 

reason to support such conclusions. It is important, on the other hand, to note 

that alanine, orinthine, glycine and serine are the most common amino acids released 

by invertebrates to their environment (Nicol, 1967). In sea water the excretion 

rates from zoo-plankton are sufficient to replace the natural levels within one month 

Alanine Ornithine Glutamic Acid 
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(Webb and Johnannes, 1967), again indicating the substantial dynamics of amino 

acid generation and depletion in aqueous systems. 
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The second group of amino acids—the largest group—is typified by threonine. 

This amino acid is generally regarded as moderately unstable, partly because i t 

Threonine Winter Spring Fall 

Cone, u g / l i t r e 0.12 0.06 0.025 

Mass inflow, gm/day 0.15 0.93 0.136 

Mass change, gm/day -0.006 -0.15 -0.083 

Mass change, % of inflow -4 -16 -61 

carries a hydroxyl group that makes oxidation of the molecule more facile than i t 

would have been otherwise. Thus i t is more susceptible to oxidation than valine, 

for example: 

57 



The loading-change patterns for threonine and other members of the second group are 
as follows for the seasonal effects in the change of loading within the stream test 
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sector. It i s important to emphasize that these six free amino acids are massively 
degraded within the 2.2 km test section in the f a l l period. The degradation effects 
range from 33 to 68% of the Inflowing load of individual amino acid. Net changes 
In the other seasons for these six amino acids are very small. Thus the dynamics 
of the stream processes are such that these individual amino acids are i n dynamic 
balance i n the winter and spring periods. Accordingly, the six arrows of conversion 
and transfer are i n balance. In the f a l l , however, the balance i s shifted so that 
these amino acids are strongly depleted. This implies that either the supply i s 
reduced or the depletion i s enhanced. 
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The conclusion reached for refractory organics was that photochemical degradation 

was a reasonable possibility for depletion. Such may also be the case for these 

individual amino acids, but i t is also important to note that amino acids, like sugars, 

are effective microbial substrates. Thus the 'uptake' route is indicated for these 

six amino acids. This agrees with field observations that blooms of stream organisms 

develop in the f a l l . Such blooms of course increase the addition of amino acids and 

other biosynthetic organics to the stream waters, but the present data indicate a 

major net depletion, evidently through conversion of the free acids to living biomass 

or complete respiration to carbon dioxide and water. 

It is not likely that hydrolysis of the proteins is an important factor in 

seasonal effects for in-situ changes in loading of amino acids because of the resistance 

to hydrolysis exhibited by most proteins under geochemical conditions. 

The third group—the miscellaneous group—of amino acids demand careful attention 

because they include amino acids that are both abundant and stable. 

Glycine is the most abundant free amino acid in the Marmot stream system, ranging 

in concentration by season from 0.2 to 0.84 yg/litre, lowest in the f a l l and highest 

in the winter. It is in dynamic balance in stream loading in the f a l l and winter also. 

The process dynamics go out of balance in the spring when there is a substantial net 

loss within the Marmot test sector. 
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G l y c i n e W i n t e r S p r i n g F a l l 

C o n e , p g / l i t r e 0.84 0.28 0 .20 

Mass i n f l o w , gm/day 0.81 6.03 0.82 

Mass change , gm/day +0.11 - 1 . 7 9 - 0 . 0 5 

Mass change , % of i n f l o w +13 -30 -6 

The known s t a b i l i t y o f g l y c i n e i n aqueous systems l e a d s to the c o n c l u s i o n t h a t 

g l y c i n e i s taken up more a c t i v e l y d u r i n g the s p r i n g season by m i c r o f l o r a . T h i s i s 

i n good agreement w i t h d a t a t h a t show the s tream biomass p e a k i n g at t h a t t i m e , e . g . , 

i n June and J u l y (Geesey e t a l . , 1978) . 

P h e n y l a l a n i n e Is about one f i f t h as abundant as g l y c i n e and w e l l known f o r i t s 

e n v i r o n m e n t a l s t a b i l i t y . The l o a d i n g d a t a i n d i c a t e i n p u t / o u t p u t b a l a n c e i n w i n t e r 

and s p r i n g , as was the case f o r the m a j o r i t y o f the i n d i v i d u a l amino a c i d s . 

P h e n y l a l a n i n e W i n t e r S p r i n g F a l l 

C o n e , u g / l i t r e 0.18 0.06 0.04 

Mass i n f l o w , gm/day 0.198 1.60 0.14 

Mass change, gm/day +0.032 +0.025 +0.053 

Mass change , % o f i n f l o w +16 +16 +38 

A s u r p r i s i n g o b s e r v a t i o n i s t h a t p h e n y l a l a n i n e i n c r e a s e s i n the f a l l (net a c c u m u l a t i o n 

i n the f a l l ) . T h i s i s p r o b a b l y due to i t s g r e a t e r r e s i s t a n c e to c h e m i c a l and 

b i o l o g i c a l a t t a c k than the m a j o r i t y o f amino a c i d s c o m p r i s i n g the second g r o u p . 

F i n a l l y i s o l e u c i n e and v a l i n e , l e s s abundant amino a c i d s , show dynamic b a l a n c e 

i n the s p r i n g , w i t h marked d e p l e t i o n i n the f a l l and marked a c c u m u l a t i o n i n the 

w i n t e r . They a r e the o n l y amino a c i d s to e x h i b i t pronounced ne t a c c u m u l a t i o n i n the 

w i n t e r p e r i o d . 

I s o l e u c i n e W i n t e r S p r i n g F a l l 

C o n e , y g / l i t r e 0 .08 0 .09 0.02 

Mass I n f l o w , gm/day 0,06 1.52 0,12 

Mass change , gm/day +0.04 +0.29 ^0,05 

Mass change , % o f i n f l o w +67 +19 -42 
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Valine Winter Spring Fall 

Cone., pg/litre O.UO 0.23 0.05 

Mass Inflow, gm/day 0.095 2.28 0.04 

Mass change, gm/day +0.068 +0.32 -0.22 

Mass change, % of inflow +72 +14 -55 
-

4.8 Fatty Acids 

Saturated and unsaturated fatty acids are more abundant than amino acids in the 

Marmot stream system. The concentration pattern by season is different from that of 

the amino acids. The fatty acids are highest in the water and lowest in the spring; 

without exception the amino acids were highest in winter and lowest in the f a l l . 

Fatty Acids Winter Spring Fall 

Cone, yg/litre 3.55 0.92 1.9 

Mass inflow, gm/day 4.19 6.5 1.35 

Mass change, gm/day -1.2 -1.61 +0.11 

Mass change, % of inflow -29 -25 +8 

Even-carbon-numbered fatty acids are much more abundant than odd-carbon-numbered 

acids in the surface waters. The saturated acids, palmitic and stearic (Ĉ ^̂  and Ĉ ĝ), 

account for 10 to 40% of the acids detected in the C^^ to C2g range. Odd-carbon-

numbeijred acids are very sparse. Thus, Ĉ ,̂ Ĉ ^̂ , and Cĵ g account for only 3 to 5% of 

the total acids. 

Unsaturated acids (with one double bond) occur in the Ĉ ^ to C 2 2 range. Of these, 

the most common are Ĉ ^ and Ĉ ĝ. The former is slightly less abundant (3-9%) than the 

latter (7-14%) of the total fatty acid mixture). 

All of the acids are modified In passing through the test section. The most 

marked changes were evident in the unsaturated acids—oleic and linoleic—as would 

be expected for simple oxidative degradation. 

4.9 Hydrocarbons 

The bulk of the hydrocarbons in Marmot waters are n-alkanes. As in the case of 

other stream organics, the loading of hydrocarbons are greatest in the spring season. 

By using specially-collected samples of massive size (48 litres) it was possible to 

assess the flow of the alkanes as follows. 
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Hydrocarbons Spring (June) 

Cone., yg/litre 0.05 

Mass inflow, gm/day 1.52 

Mass change, gm/day +0.47 

Mass change, % of inflow +30 

In the context of a sub-model for hydrocarbons in the stream system, positive 
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processes are dominant. These Include conversion of organics to hydrocarbons and 

transport of hydrocarbons into the stream. 

Hydrocarbons are relatively stable to photochemical and biological degradation 

and very stable to chemical degradation. It is easy to conclude therefore that alkanes 

are being biosynthesized faster than they are being biodegraded. 

This is a common pattern for organic compounds in this cold mountain stream. 
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Summary: Dynamic proaesses in the stream test section were indicated by all the 

organics in the waters. The compounds all showed seasonal trends. In winter, the 

refractory organics tend to accumulate, e.g., TOC, tannins and lignins, proteins, 

and even carbohydrates showed net gains in the test section. In spring, the labile 

compounds, particularly fatty acids and phenols and even tannins and lignins, tend 

to be depleted in passage through the test section. Hydrocarbons appeared to increase. 

In the fall, many free amino acids underwent net depletion, along with phenols, 

carbohydrates, fatty acids and even the refractory humics, tannins and lignins. In 

the analysis of loading changes based in stream flaw and concentration of the 

organics, the indicated changes of.accumulation and depletion ranged from +100% to 

-66%. Biosynthesis and biodegration were indicated to be important processes of 

change in the stream waters; so also were photochemical processes. In many instances 

the data for stream loading indicated overall net processes of change involving all 

possible mechanisms of change: chemical, biological and physical. 
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5. BIOGEOCHEMICAL EXPLORATIONS 

Early biogeochemical research of earlier decades was purely descriptive. This 

was partly because the science had to start somewhere, but largely because analytical 

instrumentation at that time was very limited. As indicated in the foregoing sections 

it is now possible to move well beyond the descriptive aspects into meaningful 

quantification of stream processes. By the same token before long i t will be 

possible to make another quantum jump in interpreting stream processes. This will 

become possible when sources can be identified and process products clearly assigned. 

To accomplish this end, techniques can be adapted from other fields of study. U l t i 

mately, concepts, procedures and instrumentation will be developed for rigorous 

evaluations and prediction of stream processes. The conceptual frameworks developed 

in the present study are useful in this regard as well as in the ultimate objective 

of developing coherent predictive abilities to biogeochemical systems undergoing 

design or change. 

The purpose of this chapter is to test and apply, in stream biogeochemistry, 

three concepts that emerged in other fields of study. The concepts are (1) the 

carbon preference index for hydrocarbons (developed in the field of petroleum geo

chemistry), (2) the concept of heterotrophic potential for microbial populations 

(developed In enzyme kinetics and sewage treatment), and (3) the concept of homologue 

depletion (introduced in stream biogeochemistry in analogy with stable-isotope 

depletion work in classical geochemistry). 

5.1 Carbon Preference Index 

The carbon preference index (CPI) was developed to describe the abundance rela

tionships between members of homologous series of normal-alkanes (n-alkanes), i.e., 

straight-chain saturated hydrocarbons. As noted in an earlier chapter, biogenic 

hydrocarbons are derived from biogenic fatty acids. Fatty acids are biosynthesized 

in higher plants by adding carbon atoms in pairs. Accordingly, fatty acids are 

largely even-carbon numbered. On decarboxylation, biotic or otherwise, fatty acids 

are converted to hydrocarbons with one less carbon atom. Thus biogenic n-alkanes 

from higher plants are largely odd-carbon hydrocarbons. Hydrocarbons generated in 

non-biological processes are randomly generated through free radical reactions 

resulting from the breaking of carbon-carbon bonds in amorphous and polymeric organic 

matter. Accordingly, non-biotic hydrocarbons have equal numbers of odd-numbered and 

even-numbered n-alkanes. Hydrocarbons from more primitive organisms, e.g., aquatic 

bacteria, are commonly equal in odds and evens. 
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An index was developed to quantify the relative abundances of odd- and even-numbered 

n-alkanes in petroleum arid source sediments. The expression, in one of its several 

forms, gives the CPI as 

Dc,5.c„ ••• C 2 3 ) . E(c,7*c,3- C 3 , ) 

2 E(c,6*c,8 •• C 3 0 ) 

Gas chromatographic analyses of n-alkanes in hydrocarbon mixtures readily yield the 

basic data required for evaluating the carbon preference index. 

Hydrocarbons are present in the Marmot stream waters in small amounts as indicated 

below for 1975 and 1976 occasional samples. Sample sizes were 48 l i t r e s . The 

Hydrocarbons, yg/litre Twin Middle Cabin Marmot 

June 1975 0.022 0.055 0.06 0.05 

July 1975 0.03 0.06 0.04 0.06 

hydrocarbons were bimodal in distribution by carbon number—one group was centered on 

C^g, the other on Ĉ -̂ . The CPI for the f i r s t group was 1.2 and 4.0 for the second. 

It is well known that hydrocarbons synthesized by lower plants generally f a l l 

in lower range of carbon number and have CPI values near one. So also i t is commonly 

known that higher plants generate hydrocarbons of longer chain length and with much 

higher CPI values. The measurements in the present study confirmed these observations 

in terms of the hydrocarbons from bacterial biomass (slime) in the Marmot waters from 

stream sediments and from surface soils in the area supporting vascular plants. The 

data were as follows. 

Bacterial slime: CPI = 1.5 (for S 4 -- S 4 ) 

Surface s o i l : CPI = 5.8 (for 
^ 9 • - Hl^ 

Stream sediments: CPI = 3.0 (for 
^15 • - V 

Accordingly i t is reasonable to attribute the low-CPI low-chain-length hydrocarbons 

to stream microflora, and the other population of n-alkanes to exogenous sources in 

soils. Gas chromatographic analyses indicated that the latter hydrocarbons were 50% 

more abundant than the former, i.e., the majority of alkane hydrocarbons had higher 

CPI values. 
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The fact that the CPI of the exogenous hydrocarbons in stream sediments was less 

than the CPI for the hydrocarbons from the basin soil indicates that the stream 

sediment hydrocarbons came from more than one source. For example, another source 

might be hydrocarbons in directly weathered ancient sedimentary rock, in which the 

hydrocarbon CPI is 1.0. Assuming for the moment that the CPI value of 3.0, 5.8 and 

1.0 are accurate, the 4.0 CPI is then calculated to indicate a mixture of about 60% 

soil hydrocarbons and 40% sedimentary-rock hydrocarbons. 

The hydrocarbons in the stream are thus inferred to have been 40% derived from 

indigenous (bacterial slime) sources, and 60% from external sources of which about 

60% came from soil and the other 40% from eroding sedimentary bedrock. 

It is possible to employ a CPI expression for fatty acids also. Thus the even 

carbon index for fatty acids ranged from 5 to 20. Two conclusions can be reached 

from these data: one, that since the values are very high, cf. 4 and 5.8 for n-alkanes, 

the dilution from sedimentary-rock fatty acids is very small; and the other, that the 

wide range of CPI indicates a multiplicity of sources for the fatty acids. 

5.2 Heterotrophic Potential 

Methods for determining heterotrophic potential are based on the activity of 

naturally-occurring heterotrophic bacteria in aquatic environments (Wright and 

Burnison, 1979). If i t were possible to understand and measure the activity of 

such systems for current interpretation and predictive judgment a great step would 

have been taken. 

Based on very early work of Monod (1942), the heterotrophic-potential offers 

a sophisticated method for assessing the potential activity of micro-organisms, 

thus integrating information related both to numbers of bacteria and to their 

response to saturating substrate conditions, on a scale much more meaningful 

than either plate counting or epifluorescent measurements. 

An evaluation of mathematical modelling of wastewater treatment plants was 

developed by Tyteca et a l . (1977) in which a complete analysis was included for 

basic mathematical models of bacterial growths and substrate elimination, starting 

with the Monod model. Litchfield et a l . (1979) demonstrated the application of 

heterotrophic utilization to assess heterogeneous bacterial populations in marine 

sediments. 

Heterotrophic potential measurements do not necessarily give the actual in-situ 

activity of organisms. They give the potential activity. Assessing the heterotrophic 

potential of naturally-occurring microbial populations in the aquatic ecosystem 

attempts to evaluate the potential for processing of easily biodegradable organic 

compounds by heterogeneous microbial communities. The primary assumption involved 

in determining the activities of such communities is that the uptake of the substrate 

is mediated by active transport and associated with membrane-carrier enzyme systems. 
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In evaluating the heterotrophic potential, the velocity of uptake, v, is measured 

for the enzyme-facilitated uptake of a substrate (Wright and Hobble, 1966). Measurements 

are made as a function of increasing substrate concentration, [S], with v approaching 

a limiting value known as ^max, the point at which a l l enzyme sites involved in the 

transport or substrate(s) are saturated. 

The velocity-substrate relationship can be expressed using the Michaelis-Menton 

expression for a rectangular hyperbola: 

V = m̂ax [S] 

+ [S] 

K^, the Michaelis constant, is conveniently evaluated by noting that when (with 

units of concentration) equals [S], v = v . Thus K is given by the value for 
max m 

[S] when v = h ^ 
max 

Heterotrophic-potential data are more commonly presented as a double reciprocal 

plot where the ordinate and abscissa intercepts give and respectively. 
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Realizing that the value of v^^^ would allow them to develop an index for 

comparing the maximum (or limiting) potential of diverse populations, Wright and 

Hobble (1966) modified the relationship demonstrated by Parsons and Strickland (1962) 

in order to express v and turnover time (t/f) of an added radioactive-labelled 
max 

substrate. A, with the linear expression 

t/f = tA] ^ Kt + S^ 

V V 

max max 

In the present study of the Marmot stream waters, radloactlvely-labelled 

glutamic acid was used to determine the heterotrophic potential of the system for 

glutamic acid, a substrate believed to be indicative of labile organic substances 

and known to be a major carbon and nitrogen source for Isolates in the stream. 

At the time of making the choice, the mass-loading data for glutamic acid in the 

stream were not available. 

Evaluations were made for v and turnover time with the radio-labelled 
max 

glutamic acid by observing the effect of added substrate on diluted sediment 

and epilithic and undiluted plantonic populations. Quadruplicate samples at six 

concentrations in the range 0.16 to 32 jjg/lltre were examined. Under normal 

conditions glutamic acid in the Marmot waters ranges from 0.01 to 0.06 ug/litre. 

The resulting data demonstrated that the transitory planktonic population 

was much less active than either the sediment or epilithic populations as summarized 

in the following table. 
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V 
max Turnover 

Population yg/l/hr time, hr evolved, % 
Planktonic 1 X 10~3 2.68 39 
S e s s i l e 4.13 1.08 29 
Sediments 1.38 0.92 28 

Dispersing the populations, however, removed any s p a t i a l l i m i t a t i o n s w i t h i n the sub
st r a t e and increased the a c c e s s i b i l i t y of the b a c t e r i a to the substrate, thereby 
increasing the apparent rate of uptake. 

The measurement of evolved carbon dioxide i s a u s e f u l measure of the f a t e of the 
substrate carbon. While the planktonic community appeared to r e s p i r e s l i g h t l y more 
glutamate than e i t h e r the s e s s i l e or sediment b a c t e r i a , 29% was the most common f i g u r e 
fo r the respired portion of the carbon i n the samples studies. 

An e i g h t - f o l d decrease i n a c t i v i t y of the undisturbed e p i l i t h i c population could 
be r e a d i l y demonstrated by c o l o n i z i n g precisely-cut chips of stream shale, q u a r t z l t e 
and sandstone. Uptake of glutamic acid on 1cm x 1cm x 1mm colonized chips was 
measured at weekly i n t e r v a l s . Bacteria attached to the surface demonstrated a 
p o t e n t i a l (v ) to remove substrate from the water column at the rate of 0.59 yg/ 
l i t r e / h o u r , about one order of magnitude lower than determined f o r dispersed e p i l i t h i c 
stream organisms. 

The foregoing data make i t possible to c a l c u l a t e the uptake of glutamic acid by 
heterotrophic populations i n the waters of the Marmot streams. F i r s t , however, i t 
i s important to note that the v exhibited by the planktonic populations i s much 

max 
lower than that f o r the s e s s i l e populations. Thus the major e f f e c t i s to be 
a t t r i b u t e d to the s e s s i l e organisms. 

In exploring the conversion of glutamic acid i n the Marmot system, i t i s Important 
to note that v i s not the rate of uptake e x i s t i n g In the stream, and accordingly i t 

II13.X 

cannot be compared d i r e c t l y with the depletion of glutamic acid a c t u a l l y observed i n 
the test section of the Marmot stream by mass flow measurements. V i s the l i m i t i n g 
(or p o t e n t i a l ) rate of uptake given substrate saturation. To c a l c u l a t e actual uptake 
i t i s necessary to evaluate from v^^^ the actual uptake v e l o c i t y at the concentration 
of substrate (glutamic a c i d , i n t h i s case) e x i s t i n g i n the stream. Thus, as shown by 
Park et a l . , (1973), the change i n substrate concentration may be calculated from the 
expression 

0 = AC. 

KC 
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where 0 is residence time, ACg the change is substrate concentration, K a constant 

and Cg the substrate concentration. In terms consistent with those used elsewhere 

in this report the equation may be written 

T = A[S] 
k[S] 

where T is the residence time. This equation may be reorganized to give the uptake 

in a reactor as follows. 

A[S] = kT[S] 

The constant, k is the slope of the line relating v to [S] for a residence time of 

1.67 hours from the directly-observed data for v as a function of [S] for glutamic acid 

on rock chips in the following table, k is evaluated from the f i r s t point as 5.89 x 

10"2/0.635 = 9.3 x 10~2/hr, 

Substrate cone. 
Ug/litre 

v, observed velocity 
yg/l/hr 

s 
k, calculated 

/hr 

0.635 5.89 X 10"2 9.3 X 10~2 

1.27 5.22 X 10-2 4.3 X 10~2 

2.54 9.38 X 10-2 3.7 X 10-2 

3.71 1.31 X 10-1 3.5 X 10-2 

6.35 2.25 X 10-1 3.5 X 10-2 

12.7 3.01 X 10-1 2.4 X 10"'2 
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Subsequent calculations for the other five values of the slope are included in the 

table as calculated from the observed rate data. The f i r s t five values indicate the 

slope of the line as the substrate concentration approaches saturation. The last value 

is near saturation and has l i t t l e validity in the present context. Taking the average 

of the f i r s t five values of k to be valid for substrate concentrations at or below 

6.35 yg/litre, the change in substrate concentration due to heterotrophic uptake is 

given by 

A [S] = 4.8 X 10"2 T [S] 

For residence time = 1.67 hours (100 minutes) 

[S] = 4.8 X 10"2 1.67 [S] 

= 0.080 [S] 

As a result, the heterotrophic uptake of glutamic acid in the Marmot stream test 

section is indicated to be 8% of the stream load of glutamic acid. Note that v 
max 

determinations did not enter the above calculations. 

An 8% depletion indicated for glutamic acid in the Marmot test section is 

compatible with values of 5-22% measured by mass-loading evaluations described 

earlier in this report. 
To convert v values to predicted actual uptake velocities in a stream 

max 
situation requires that the slope of the v-[S] curve be determined over the range 

of substrate concentrations below which v is reached. 
max 

An expression for [S] can be developed involving v by establishing a new 
ttlHX 

term [Si , which itself in absolute terms is meaningful because i t indicates the 
-"max 

level of substrate concentration above which saturation conditions exist. Recalling 

from earlier argument that 

A [S] = kT[S] 

and that 

k = v/[s] 

for sub-saturation conditions, we may conclude that 

, V 
k = max 

[S] 
max 
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Thus 

A [S] = V T 
"•̂ ^ [S] 

'max 

When [S] - [S]^^., 

the expression reduces to 

A [S] = V T max 

which Indicates that the uptake of substrate under saturation conditions i s a function 
only of V and the residence time. [S] may be evaluated by establishing the slope 
i f v i s plotted against [S] and calculating [S] for v = v 

IQ3.X 
In the case of glutamic acid i n the present study, [S] may be evaluated as 

max 
follows. The slope of the line v vs [S] i s calculated as the average of the f i r s t 
five data points in the foregoing table (4.9 x 10 ̂  yg/litre/hour). 
Thus 

4.9 X 10~2 Vig/litre/hour [S] 

From v =0.59 ug/litre/hour evaluated in the usual way using the double reciprocal 
II13.X 

plot for the same data, we have 

t s ] 
v 
max max 4.9 X IQ-'^/hour 

0.59 yg/lltre/hour 
4.9 X 10-2/hour 

= 12 ug/lltre 

This indicates that the biological uptake system i s undersaturated at concentrations 
of glutamic acid below 12 yg/litre (<[S] ). It follows therefore that the uptake for 

md-x 

glutamic acid in the Marmot waters with glutamic acid in the range 0.1-0.6 yg/litre 
i s given by 

A [S] = V r o i 
max [S] 

12 yg/litre 
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which i s given in reaction velocity terms as 

V = V [S] max [S] max 

OJ. as V = V [S] for glutamic acid i n Marmot 
I t l H X 12 wg/litre 

waters. Thus i f [S] i s 0.3 yg / l i t r e , the mean of i t s seasonal values in the Marmot 
waters, then 

V = V 0.3 yg/litre 
•"^"12 yg/lltre 

= 0.025 V 
max 

This indicates clearly that the actual velocity of uptake of a substrate at concentra
tions well below enzyme-saturation levels i s very much smaller than the calculated 
hypothetical value known as v — i n this case only 2.5% of the v value. 

max max 
It i s extremely important that such real-world interpretations be applied i n 

systems such as this. The theoretical and limiting velocity of uptake i s clearly 
a potential heterotrophic uptake assuming that substrate i s available i n unlimited 
amounts. As pointed out by Brock (personal communication) and Kalio (personal 
communication), i n most real-world situations the microflora are working at 
starvation levels. Accordingly enzyme saturation i s largely irrelevant i n attempts 
to apply the standard conclusions arising from heterotrophic f i e l d measurements, 
but expressions may be developed, as above, to project the heterotrophic-potential 
data to in-stream conditions with very low substrate contents, as i n the Marmot waters, 

5.3 Homologue Depletion 
The kinetics of reactions involving stable isotopes are affected by the differing 

masses of isotopes in the reactants. In general, the molecule containing a heavier 
Isotope reacts more slowly than the molecule containing a lighter isotope. At low 
degrees of conversion, the products are therefore depleted in the heavy isotope i n 
comparison with the starting material and with the residual reactant. The degree of 
depletion i s frequently expressed in a del factor 

1000 <';s;.ia'->"̂ ""-'a;sS'""' 
Isotope heavy, 
isotope light'' 
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The depletion factor is very important for following the course of a reaction, for 

defining sources of products and/or for tracing processes of transport. 

In an analagous way i t is possible to write a similar depletion factor for other 

pairs of substances undergoing concomitant processes of conversion or transport. 

Thus i t was shown for amino acid homologies where two reacting species A and B under

went change: 

^ products^ 

_kg ^ products^ 

if 5̂  kg, a depletion in one of the reactants will occur (in the reactor) relative 

to the other. The depletion factor DF can be written 

[B] sample ~ [B] Initial 

[A] 

-) 
[B] i n i t i a l 

If A is more stable than B, i.e., i f k.<k , the depletion factor is positive and 
A B 

increases with time during the course of the reaction(s), reflecting a greater 

decrease in the less stable compound in the course of the reaction. If the reverse 

is the case, DF will be negative and decrease with time. Convention calls for the 

expression to be written in such a way as to give positive values for the depletion 

factor. 

It is obvious that homologues of organic compounds can be used for A and B in 

the foregoing generalized expression. For example, amino acids may be treated in 

this way, where 

A E glycine 

B E serine 

Thus, stream data were examined by Hodgson et a l . (1978) for amino acids in the 

Medicine river. Depletion factors for amino acid homologues of similar stabilities 

were small, close to zero, as for glycine against valine at 0.7. The corresponding 

values for amino acid pairs of sharply differing stabilities were large, e.g., 7.8 

for 4-hydroxyproline against aspartlc acid. 
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In the present study, depletion factors were calculated for amino acid pairs In the 

waters of the Marmot system. Again a substantial range in the factor was observed. 

Depletion Factor Winter Spring Fall 

S erine/Thr eonine 0.21 -0.31 2.12 

Phenylalanlne/Aspartic 0.05 0.17 0.50 

Glycine/Serine 0.29 0.07 0.20 

It is important to note that the observed changes are summations of a variety of 

conversions (and transports) represented by k^. Thus, like the heterotrophic-potential 

evaluation, the depletion-factor evaluation presents an analysis of the effect of a l l 

the changes taking place involving chemical, photochemical, biological and physical 

changes, both of conversion and transport. 

It is possible to extend the concept of homologue depletion a further step. In 

this extension one substance which is labile (L) is compared with another that is 

stable (S). The analytical expression then becomes 

_ (S/L) out - (S/L) in 
(S/L) in 

When the stability of the labile substance is very small with respect to the stable 

substance, i.e., the abundance of L is much less than S at the outlet, the depletion 

factor for those substances in the indicated section of the stream becomes very large 

DF -> 
(S/L) out 
(S/L) in 

1/(L) out 
1/(L) in 

(L) in 
(L) out 

S out - S in 

when L = S in stability, DF = 0. 

Accordingly, we have an open ended scale for the depletion of the labile substance 

in the test section of the stream. 

If an amino acid is taken to be a labile compound i t may be compared with a stable 

compound that will pass through the test section unchanged. The stable compound may 

either be organic or inorganic. Since even humic acids are known to degrade in the 

Marmot streams, the choice of inorganic ions appears more appropriate. Thus a system 

involving aspartic acid and bicarbonate ion may be set up: 
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DF = 
([HCO^]/[ASP]) 

Note that this expression deals only with concentrations. Thus to evaluate the 

depletion factor of aspartlc acid against bicarbonate in a test section of a stream, 

two pairs of concentration values are required: bicarbonate and aspartlc acid 

entering the stream, and bicarbonate and aspartlc acid leaving the stream. This 

allows the calculation of the extent to which aspartlc acid is depleted in the test 

section. It also evaluates the process without gauging the stream waters. 

Applying the foregoing approach to aspartlc acid in the Marmot stream waters 

the following table was developed in which aspartlc acid was compared not with a 

single inorganic ion but with all six major ions. Substantial depletion of aspartlc 

acid was observed in the fa l l ; in the winter and spring the aspartlc acid was in 

dynamic balance in the stream water. 

DEPLETION FACTOR - lON/ASPARTIC ACID 

Winter Spring Fall 
Chloride 0.05 0.21 1.35 

Sulphate -0.18 0.27 1.65 

Bicarbonate -0.05 0.10 1.31 

Sodium -0.07 0.13 1.61 

Magnesium -0.07 0.08 1.32 

Calcium -0.06 0.11 1.46 

Average -0.06 0.08 1.45 

Note: Positive values Indicate 'depletion' 

Negative values indicate 'accumulation' 

Corresponding data for serine Indicate much the same pattem. Again the general 

pattern presented by the data shows no net depletion in the winter and spring, but 

general depletion in the f a l l . The fall depletion of aspartlc acid was much larger 

than that of serine. 
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DEPLETION FACTOR - ION/SERINE 

Winter Spring Fall 

Chloride 0.25 -0.25 0.55 

Sulphate 0.00 0.16 0.76 

Bicarbonate 0.14 -0.25 0.53 

Sodium 0.05 0.03 0.74 

Magnesium 0.09 -0.07 0.54 

Calcium 0.13 0.02 0.64 

Average 0.11 0.06 0.63 

The data in the tables agree well with one another. It is very important to 

note that dynamic balance and f a l l depletion was Indicated by a l l the inorganic 

comparisons. 

Further, i t is important to check these findings with those for mass-flow 

depletions developed in section 4 of this report. Those data clearly indicated 

DEPLETION - SERINE 

Winter Spring Fall 

5% 12% 65% 

the same pattern: no significant change in input/output loadings in 'winter' and 

'spring' followed by marked depletion in ' f a l l . ' Therefore the mass flow depletion 

and depletion factors are in excellent agreement. 

The significance of the validity of the depletion factor relates to two major 

points: 

1. stream gauging is not required; and 

2. the addition of a tracer is not required. 

The stream system is therefore not disturbed by in-stream measurements or added 

tracers. This is a factor of major importance because the addition of a substance 

(nutrient or otherwise) to a stream often causes a significant change in the nature 

and rate of stream processes that are biologically mediated. 

Corresponding calculations were conducted for other major amino acids and 

Inorganic ions. The serine pattern was evident for many of the other free amino 

acids. Thus for six of the amino acids the pattern was 
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DEPLETION FACTORS - INORGANIC IONS/AMINO ACID 

Winter Spring Fall 

Leucine 0.16 0.38 1.90 

Aspartic acid -0.06 0.08 1.45 

Phenylalanine -0.16 -0.08 1.44 

Glycine -0.15 0.15 0.33 

Glutamic acid 0.30 0.56 0.64 

Alanine -0.09 0.06 1.52 

Isolucine -O.IA -0.30 1.37 

Serine 0.11 0.06 0.63 

Threonine 0.34 -0.49 3.93 

no change in 'winter' and 'spring' and marked depletion in the ' f a l l . ' Threonine 

showed significant accumulation in the spring period. Glutamic acid seemed signifi

cantly different from the other amino acid with significant depletion in a l l seasons. 

The assumption of conservative passage of inorganic ions appears valid since 

a l l ions are well below precipitation limits dictated by solubility constants and 

because sediment loading in the stream is too light to provide ion exchange dis

tortions in the 2.2 km test section. 

Summary: Stream-water biogeoahemistry can move forward from descriptive and 

elementary quantification into sophisticated evaluation using techniques developed 

in related sub-disciplines and interdisciplines. Thus the carbon preference index 

from petroleum geochemistry confirms the conclusions regarding the source of stream 

hydrocarbons based on carbon range. Accordingly, it is possible to attribute 40% 

of the hydrocarbons in the stream to indigenous bacterial slime and S6% to basin 

soils, with the remainder (84%) from sedimentary rock. Measurement of the activity 

of indigenous microbial populations is accomplished in terms of heterotrophic 

potentials when related to the particular substrate status of the stream water. 

Thus at the substrate levels of the Marmot waters, the v figure was interpreted 

to predict an 8% uptake of glutamic acid in the test section. This agreed well 

with actual measurements of stream-loading changes. The microbial uptake was 

clearly attributable to sessile rather than planktonic organisms. The third 

evaluation of stream processes was homologue depletion. It showed relative 

stabilities of homologous amino acids, e.g., hydroxyproline as against aspartic 

acid, by a factor of 7.8. More importantly it showed that labile compounds may 

be evaluated against indigenous inorganic ions as conservative tracers to reveal 

probable in-stream processes affecting the organics without gauging of the streams or 

adding conservative tracers prior to sampling and analysis. 
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6. STREAMWATER BIOGEOCHEMISTRY 

The studies that came together to form the Marmot study are properly described 

generically as biogeochemistry—that i s , a synthesis of geochemical processes in which 

there are significant biologically-moderated geochemical components of source and 

change. 

The biogeochemical model of a process reactor now represents a suite of inter

locking processes of transport and conversion. We will now attempt to quantify those 

changes, at least to the extent of assigning degrees of importance (or non-importance), 

to each of the elements in the model. 

As noted throughout the various discussions in this report, the environment in 

mountain stream waters is surprisingly reactive. The dynamics are clearly evident. 

Changes are distinctly evident in the organics (and by implication, in everything else 

of comparable lability) in a cold stream only 2.2 km in length and with only a 100-minute 

residence time. 

The active processes of transport and conversion which comprise the total processes 

of change include: 

1. generation/degradation, i.e., biosynthesis/biodegradation, 

2. leaching, 

3. comminution, 

4. uptake and exudation, 

5. photolysis, 

6. adsorption and desorption. 

These processes have been studied and evaluated by four mechanisums: 1) carbon 

preference indices give valuable data on biosynthetic origin in special cases; 

2) measurements of heterotrophic potential, properly circumscribed, give indications 

of potential biodegradation; 3) mass flow budgets measure actual transformations; 

and 4) depletion factors measure actual conversions, without dependence on gauging 

measurements. 

The environmental biogeochemistry of Marmot waters shows that even the most 

refractory organic substances are degraded in the reactor of Marmot creek. The 

degradation is small for the refractory compounds; i t is large for the labile 

compounds. Thus, while humics are degraded only to the extent of 26% in the most 

active season, serine is degraded to the extent of 60% in its most active season. 

[Note that these are net figures in which the processes of degradation in the test 

section exceed processes of introduction (both allochthonous and autochthonous), 

and of transfer within the confines of the stream bed.] On occasion, processes of 

accumulation exceed those of degradation, particularly for a few amino acids. 
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In the summer period, for example, the production of isoleucine and threonine 

dominate over degradation, resulting in a net accumulation of these amino acids. 

The data generated in the Marmot studies indicate that many processes of 

conversion and transport are involved, and that tendencies for attributing a l l 

observed changes to single agencies are probably not warranted. For example, bio

degradation is frequently cited as the sole agency of change in stream waters. Such 

an attribution can not be affirmed in the Marmot waters either through heterotrophic-

potential measurements or through the fact that microbially-unpalatable organics 

(humics) are depleted in the stream. Measurements of heterotrophic potential, when 

calculated to actual levels of nutrients, predict a conversion of 8% in the test 

section where decreased mass budgets and depletion factors indicate actual action 

conversions of up to 20%, 

Three alternative mechanisms were assessed for their role in processes of 

transfer and conversion of organic material in Marmot streams. Photochemical 

degradation is not well explored in the biogeochemical f i e l d , largely because many 

of the most-intensively studied real environments are well out of the photosphere. 

Few, i f any, relevant field observations have been conducted and their applicability 

to field biogeochemistry is only qualitative at this time. The topic however is 

open, and the findings of the Marmot study indicate photochemical realities in the 

depletion of organics in a cold mountain stream at a level well above normal expecta

tions. Thermal conversions of organic matter at 1.7°C and 100 minutes are ruled out, 

even for the most labile substances encountered in the present study. Ion exchange 

with respect to humics and suspended substances is difficult to evaluate with the 

data available. Classical and biogeochemical literature on the subject is not 

directly helpful, but declarations of principle provide a starting point. First, 

there are processes involving complex formation. 

a) humics + cations <=> complexes of cations 

humics + clays <=> complexes of clays, 

b) processes of deposition and mobilization 

complexes (aq) <=> complexes (sediments), and 

c) processes of conversion 

humics complexed humics -> complexed products products. 

Analytical methodology tends to lump these ion exchange processes of transfer 

and conversion into the in-stream processes of our model. In those instances in 

which the model perceived no changes, few problems arise, except in those instances 

where the 'no-change' situation is clearly a dynamic-balance situation. Where net 

changes are observed, the areas primarily responsible for these changes must be 

defined. 

Quantitatively, sediment loading of the stream is relevant to the organic 

loading, but the inorganic sediment load in Marmot streams is small. During flood 

period this load increases from one to ten times the normal load. If the amount of 
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organic material attached to suspended mineral sediments i s no higher than 10% of 
stream loading, the bulk loading of organics in the stream i s no greater than O.A 
mg/litre. Therefore, under normal conditions, e.g., f a l l and winter, the stream i s 
carrying less than 10% of i t s organic load i n the form of clay-organic complexes. 
If a l l of these complexes were suddenly desorbed or adsorbed in the test section, the 
observed changes would account for less than a 10% change in organic loading of the 
stream. In the f a l l , observed changes in humics loading were as great as 25% 
(depletion) in the test section. Therefore sorption effects could not account for 
changes of that magnitude, although they probably account for a small part of the 
observed change. 

Sorption effects cannot be ruled out for trace organics, however. For example, 
i f an organic substance i s present in the stream water at 2 ug/litre for a stream 
loading of A mg/litre of inorganic solid and 6 mg/litre of total organics (some of 
which may be c o l l o i d a l ) , the following equilibria are important. 

1. Trace organics + mineral <=> trace organic complex, 
2. Trace organic + organics (colloidal or otherwise) <=> trace organics complex, 
3. Organics (colloidal or otherwise) •+ trace organics + organics (colloidal or 

otherwise) 
A l l three reactions are reasonable p o s s i b i l i t i e s . The f i r s t two are equilibria 
situations, and minor changes in the environmental configuration of the stream may 
result i n shifts i n either direction. The third equation i s irreversible. If i t 
were important i n the stream processes, the observational evidence would be for 
an accumulation of trace organics. Evidence in this study does not clearly support 
this thesis. Tannins and lignins and carbohydrates accumulate during 'winter*. 
Some proteins also accumulate in the winter and perhaps also in the f a l l , but total 
proteins are depleted in a l l seasons. Free amino acids in general are depleted, 
with the exception of a few. There i s l i t t l e or no evidence that trace organics 
are released from sorption complexes or generated through spallation processes. 

However, there i s evidence that trace organics are removed from the flowing 
waters, as in equations 1 and 2, particularly in the f a l l (jphenols, carbohydrates, 
free amino acids but not proteins). The kinetics of sorption processes are reasonably 
well known, and the reactions would be expected to take place quickly, even i n the 
time frame of a 100-minute exposure in the Marmot waters. 

Referring to the biogeochemical model proposed i n chapter 2, we w i l l now 
consider the process of conversion and transport quantitatively. This i s most 
clearly understood on a seasonal basis. 

In the winter season the mass transfer i s given in simple terms by the following 
mass flow diagram: 
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Total Organic Carbon (l(g/day). 

OUT I N 

3.7 12.4 

GW 

3.7 winter 

Increased mass flow is similarly seen in tannins and lignins, carbohydrates and 

proteins. Dynamic-balance conditions were seen for free amino acids and for humic 

and fulvic acids. Degradation was seen with fatty acids and possibly phenols. 

The dominant biogeochemical processes in the winter season are solubilization and 

leaching of biotic material in the stream bed. It is very significant that the 

loading of humics was not seen to increase (in fact, i t appeared to decrease as 

much as 10% in the test section), while the compounds that are directly biosynthesized 
increased. In these observations solubilization and leaching are strongly supported 

as the dominant biogeochemical processes. 

With the ice going out in the spring, the stream biogeochemical processes change 

noticeably. Now a marked in-stream depletion becomes evident as illustrated in the 

accompanying diagram for tannins and lignins. 

Tannins 8 Lignins (kg/day). 

IN 
2.4 

OUT 
1.6 

GW 
0.4 spring 
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The same change was observed for phenols, carbohydrates, fatty acids and one major 

grouping of free amino acids. Unchanged in the system were proteins, the other amino 

acids, the humics and total organic carbon (in general, the more refractory substances). 

One group of amino acids appeared to be in dynamic balance apparently fluctuating between 

minor degradation and minor release and leaching. Photochemical degradation may have 

been responsible for the decrease in phenols, tannins and lignins. Perhaps the carbohy

drates and fatty acids were photodegraded also, but these compounds were more likely 

taken up by stream biota in the spring. 

The f a l l season indicated a mix of the foregoing processes. Increases were noted 

in phenols, fatty acids, some amino acids and in protein amino acids; decreases were 

seen in TOC, carbohydrates, humics and some free amino acids. No changes were observed 

in tannins and lignins. The latter situation may indicate a balance between solubili

zation and leaching of allochthonous in f a l l and autochthonous biomass in the stream 

section with photodegradation in the same section. Increases in proteins and fatty 

acids may result from autochthonous and allochthonous contributions during the 

f a l l season. 

Differences in processes that influence labile substances can be more readily 

understood in diagrams that show the effect of opposing processes in a reactor system. 

In the accompanying diagram two figures are shown that illustrate accumulation of 

substances in one figure and degradation or losses in the second. These processes 

are indicative of solubilization and leaching on one hand in opposition to mixed 

degradative processes on the other. The f i r s t figure indicates the accumulation 

or build up of a protein that is rich in threonine. It is not clear by which pathway 

the protein threonine enters the system. The second sketch indicates a concomitant 

loss of threonine as a free amino acid. 
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Other amino acid proteins, such as glutamic acid and alanine, show similar patterns. 

While photochemical degradation can contribute to the degradation of free amino acids 

and phenols, biosynthetic uptake seems more likely. Humic materials were significantly 

degraded during the f a l l season. Photodecomposition is the most probable process, 

yet tannins and lignins, which are very susceptible to this type of degradation, 

remained virtually unaffected. Again a balance of processes may be indicated in which 

autochthonous and allochthonous generation are offset by photo-degradation. 

The understanding that emerges from the present study of biogeochemistry of stream 

waters is that substantial degradation of organic matter takes place in mountain 

stream waters in the spring and f a l l . Biodegradation and photochemical degradation 

both appear to be important. 

The degree of degradation can be predicted from heterotrophic-potential measure

ments, and i t can be measured in either of two ways: 

1. by calculating transport budgets (involving only measurements of concentra

tions in the stream and gauging of the water flow); and 

2. by calculating depletion factors (involving only measurements of 

concentrations). 

Depletion factors can be calculated on a near-absolute basis using inorganic 

ions at their natural concentrations in the stream waters. In this way i t is 

possible to report directly the extent of this depletion of organic substances 

In a test section of a stream. This can be obtained by looking at raw data. 

Depletion factors can also be used to Illustrate relative stabilities, or 

relative depletions, or pairs of labile substances under real-time conditions in 

the stream. This analysis provides a powerful tool for developing a "chart of 

conversion" with which to compare the (unknown) stability of a manufactured 

organic compound with the known stability of a common in-situ organic compound 

in the stream waters. 

A l l depletion-factor measurements are integrative in that they sum a l l the 

processes of depletion, whether biodegradation or photo-degradation, taking into 

account not only the depletion processes, but also a l l the accumulation processes. 

Sirnnary: Stream-water biogeochemistry involves biosynthesis, comminution, 

leaching uptake and exudation, photodegradation and sorption. Stream-water 

measurements indicate a dynamic interplay of such processes with measurable 

effects clearly discemable in a clear mountain stream flowing at a mean 

annual temperature of 1.7°C for a residence time of only lOO minutes. Dominant 

processes appear to be biosynthesis, photodegradation, leaching and bio-uptake. 

84 



LITERATURE CITED 

A l e x a n d e r , M. 1977. I n t r o d u c t i o n to s o i l m i c r o b i o l o g y . Second e d i t i o n . 

John W i l e y and Sons , New Y o r k . 

A n t l a , A . L . and C T . L e e . 1963. S t u d i e s on the d e t e r m i n a t i o n and d i f f e r e n t i a l 

a n a l y s i s o f d i s s o l v e d c a r b o h y d r a t e In sea w a t e r . F i s h Res . B d . Canada , 

M a n u s c r i p t Rep. S e r . 168. 

A m e r i c a n P u b l i c H e a l t h A s s o c i a t i o n . 1971. S t a n d a r d method f o r the e x a m i n a t i o n 

o f w a t e r , sewage and i n d u s t r i a l was te s . ADHA i n a s s o c i a t i o n w i t h the A m e r i c a n 

Water Works A s s o c i a t i o n and the A m e r i c a n S o c i e t y f o r T e s t i n g and M a t e r i a l s , 13th 

e d i t i o n . 

B a k e r , - B . L . , G.W. Hodgson and S . A . T e l a n g . 1980. The b i o g e o c h e m i s t r y o f 

s t ream - The Red Deer R i v e r . K a n a n a s k i s C e n t r e f o r E n v i r o n m e n t a l R e s e a r c h , 

U n i v e r s i t y o f C a l g a r y , C a l g a r y , A l b e r t a , Canada . 

Beke , G . J . 1961. S o i l s o f t h r e e e x p e r i m e n t a l watersheds i n A l b e r t a and t h e i r 

h y d r o l o g i c a l s i g n i f i c a n c e . P h . D . t h e s i s . U n i v e r s i t y o f A l b e r t a , Edmonton, A l b e r t a . 

B i l l m i r e , E . and S. A a r a n s o n . 1976. The s e c r e t i o n o f l i p i d s by the f r e s h w a t e r 

p h y t o f l a g e l l a t e Ochromonas d a n i c a . L i m n o l . Oceanogr . 1: 138-140. 

B o r u f f , C . S . , and A . M . B u s h w e l l . 1934. The a n a e r o b i c f e r m e n t a t i o n o f l i g n i n . 

J o u r . Amer. Chem. Soc . 56: 886-888. 

Chen , Y . , S . U . K h a n , M. S c h n i t z e r . 1978. U l t r a v i o l e t i r r a d i a t i o n o f d i l u t e 

f u l v i c a c i d s o l u t i o n . S o i l S c i e n c e Soc . o f Amer. J . 42: 292-296. 

C l a r k , R . C . and M . Blummer. 1967. D i s t r i b u t i o n o f n - p a r a f f i n s i n mar ine organisms 

and s ed iment . L i m n o l . Oceanog. 12: 79-87 . 

C o o p e r , J . E . and E . E . B r a y . 1963. A p o s t u l a t e d r o l e o f f a t t y a c i d s i n p e t r o l e u m 

f o r m a t i o n . Geochim. Cosmochim. A c t a , 27: 1113-1127. 

Degens, E . T . and J . H . R e n t e r . 1964. A n a l y t i c a l t e c h n i q u e s i n the f i e l d o f 

o r g a n i c g e o c h e m i s t r y . I n t . S e r . Monographs E a r t h S c i . 15: 377-426. 

D o e l l i n g , N . 1978. The economics and e n g i n e e r i n g o f l a r g e - s c a l e a l g a e biomass 

energy sys tems . The MIT M a r i n e I n d u s t r y c o l l e g i u m . O p p o r t u n i t y B r i e f #11, 29 p p . 

Dragunov , S . S . , N . N . Z h e l o k h o v t s e v a , and E . I , S h e l k o v a . 1948. A c o m p a r a t i v e 

s t u d y o f s o i l and peat humic a c i d s . P c h v o v e d e n i e , p . 409. 

D u b o i s , M. , K . A . G i l l e s , J . K . H a m i l t o n , P . A . R e b e r s , and F . S m i t h . 1956. 

C o l o r i m e t r i c method f o r the d e t e r m i n a t i o n o f sugars and r e l a t e d s u b s t a n c e s . 

A n a l y t . Chem. 2 8 ( 3 ) : 350. 

E g l l n t o n , G . , A . G . G o n z a l e s , and R . J . H a m i l t o n . 1962. H y d r o c a r b o n c o n s t i t u e n t s of 

the wax c o a t i n g s o f p l a n t l e a v e s : a taxonomic s u r v e y . Phytochem. 1: 89-102. 

F e l b e c k , G . I . , J r . 1965. S t r u c t u r a l c h e m i s t r y o f s o i l humic s u b s t a n c e s . A d v . 

A g r o n . 17: 327-358. 

85 



Ferguson, H.S. and D. Storr. 1 9 6 9 . Some current studies of local precipita
tion v a r i a b i l i t y over western Canada. Symposium on water balance in North 
America, Banff, Alberta, June 23-25, Amer. Water Res. Assoc. Proc. 
Ser. No. 7 , 80 - 1 0 0 . 

Ferguson, H.L. et a l . 1971. Theoretical clear-sky effective Insolation over 
a small mountain basin: Ottawa, Canada, Environment Canada, Atmospheric 
Environment Service, Climatological Studies. No. 2 1 : 4 5 . 

Fisher, S.G. and G.E. Likens. 1 9 7 3 . Energy flow in Bear Brook, New Hampshire: 
An Integrative approach to stream ecosystem metabolism. Ecol. monogr. 4 3 : 
421-429. 

Frudenberg, K. 1965. Lignin: Its constitution on formation from p-hydroxy-
cinnamyl alcohol. Science 148: 595. 

Gaddy, J.L., F.L. Park and E.B. Rapp. 1974. Disposal of animal waste by 
anaerobic digestion. Water, Air and Soil Pollution 5 : 151-169. 

Geiasman, T.A. and D.H.G. Croat. 1959. Organic chemistry of secondary plant 
metabolism. Freeman, Cooper and Company, California. 592 pp. 

Geesey, G.G., R. Mutch, J.W. Costerton and R.B. Green. 1978. Sessile 
bacteria: An important component of the microbial population in small 
mountain streams. Limnol. Oceanogr. 2 3 ( 5 ) : 1214-1223. 

Grigoropoulous, S.G. and J.W. Smith. 1971. Ch. 5 Trace organics in sub
surface waters. In Organic Compounds in Aquatic Environments. Eds. 
S.J. Faust and J.V. Hunter. Marcel Dekker, Inc., N.Y. 

Han, J. and M. Calvin. 1969. Hydrocarbon distribution of algae and 
bacteria, and microbiological activity in sediments. Proc. Nat. Acad. 
Sci, (U.S.) 64: 4 3 5 - 4 4 3 . 

Hanson, W.R. 1957. Conserving a watershed. Eastern Rockies Forest Conser
vation Board, 9O8 John J. Bowlen Bldg., 520-7th Ave. S.W., Calgary, 
Alberta. 

Hodgson, G.W., B.L. Baker, S.A. Telang. 1978. Amino acids as a measure of 
environmental stress. A winter stream as a reactor model. In 
Environmental Biogeochemistry and Geomicrobiology, Vol. 1 , Chapter 1 2 , 
pp. 139-148. Ed. W.E. Krumbein. Ann Arbor Science. 

Hynes, H.B.N. 1970. The ecology of running waters. Toronto: Univ. of 
Toronto. 5 5 5 pp. 

Jackson, L.E. 1977. Quaternary stratography and terrain inventory of the 
Alberta portion of the Kananaskis lakes. Ph.D. thesis, University of 
Calgary, Calgary, Alberta. 

Jackson, T.A. 1978. Humic matter In sediments. In the Encyclopedia of 
Sedimentology (Encyclopedia of Earth Sciences Series, v. 5 ) . p. 402-403. 
Eds. R.W. Fairbrldge and J. Bourgeois. 

86 



Karkanis, P.G. 1972. Soils of the Kananaskis Valley. A report submitted to 
the Environmental Sciences Centre (Kananaskis), University of Calgary, 
Calgary, Alberta. Kananaskis Publ. No. 

Kirby, C.L. and R.T. Ogilvie. 1969. The forest of Marmot Creek watershed 
research basin: Canada Department of Fisheries and Forestry, Canadian 
Forestry Service, publication No. 1259, 37 pp. 

Koons, C.B., G.W. Jamieson and L.S. Ciereszko. 1955. Normal alkane d i s t r i 
butions in marine organisms; possible significance of petroleum origin. 
B u l l . Amer. Assoc. Petrol. Geol. 49: 301-316. 

Lawrence, J. 1979. Quantitative determination of fulvic acid, tannin and 
lignins in natural waters, (in press) 

Litchf i e l d , CD., M.A. Devanas, J. Zindulis, CE. Carty, J.P. Nakas and 
14 

E.L. Martin. 1979. Application of the C organic minerallEation 
technique to marine sediments. In Methodology for Biomass Determinations 
and Microbial Activities in Sediments. Eds. CD. Lit c h f i e l d and 
P.L. Seyfrled,. ASTM STP 637 p. 128-147. 

Ludlow, C.J., T.M. Harris and F.T. Wolf. 1966. An analysis of the free 
sugars of ferns by gas-liquid chromatography. Phytochemistry 5: 251-257. 

M i l l , T., D.G. Hendry and H. Richardson. 1980. Free-radical oxidants in 
natural waters. Science 207: 886-887. 

Monod, J. 1942. Recherches sur l a Croissance des cultures Bacteriennes, 
Hermann, & Cie, Paris. 

Mutch, R.A. 1977. An ecological study of three sub-alpine streams in Alberta. 
M.Sc. thesis. The University of Calgary, Calgary, Alberta. 

Nickerson, W.J. 1971. Ch. 24 Decomposition of naturally-occuring organic 
polymers, p. 599-609. In Organic Compounds in Aquatic Environments. 
Eds. S.J. Faust and J.V. Marcell. Dekker, Inc., N.Y. 

Nicol, J.A.C. 1967 . The biology of marine animals: 2nd ed. Intersclence, 
New York. 

Ogner, G. and M. Schnitzer. 1970. The occurrence of alkanes i n fulvic acid, 
a s o i l humic fraction. Geochim. Cosmochim. Acta., 34: 921-928. 

Oliver, B.G., E.G. Cosgrove and J.H. Cavey. 1979. Effect of suspended sedi
ments on the photolysis of organics in water. Jour. Amer. Chem. Soc, 
13: 1075 -1077 . 

Osborn, G.D. and L.E. Jackson. 1974. Physical environment. In The Mountain 
Environment and Urban Society, Kananaskis Centre for Environmental 
Research, Univ. of Calgary, Calgary, Alberta. Kananaskis Pub. No. 1974 
53-150. 

Parson,s T.R. and J.P.H. Strickland. 1962. On the production of particulate 
organic carbon by heteortrophic processes in sea water. Deep Sea 
Research, 8: 211-222. 

87 



Peake, E., J. Casagrande and G.W. Hodgson. 1974 . Fatty acids, chlorins, 
hydrocarbons, sterols, and carotenoids from a Black Sea Core. Reprinted 
from The Black Sea-Geology, Chemistry, and Biology. Memoir No. 2 0 , Amer. 
Assoc. of Petrol. Geol. 

Petriconi, G.L. and H.M. Papee. 1978 . Photoreactivity of aqueous anionic 
N O " with hydrocarbons. Water, Air and So i l P o l l . 10 : 2 2 1 - 2 3 0 . 

Pierce, A.E. 1968 . Silation of organic compounds. Pierce Chemical Company, 
Rockford, I l l i n o i s , pp. 487 . 

Roach, D. and C.W. Gehrke. 1969 . Direct esterifIcation of the protein amino 
acids gas-liquid chromatography of N-TFA n-butyl esters: J. 
Chromatog. 4 4 : 269-278. 

Roach, D. and C.W. Gehrke. 1969 . The gas-liquid chromatography of amino 
acids. J. Chromatog. 4 3 : 303-310. 

Schnitzer, M. 1969. Reactions between fe l v i c acid, a s o i l humic compounds 
and inorganic s o i l constituents. Soil Sci. Soc. Ami Proc, 33 : 7 5 - 8 1 . 

Schnitzer, M. and S.U. Khan. 1972. Humic substances in the environment.. 
Marcel Dekker, Inc., New York, 26 pp. 

Sedell, J.R., R.J. Triska, J.D. Hall, N.H. Anderson, and J.H. Lyford. 1974. 
Sources and fates of organic Inputs i n coniferous forest streams. 
Contribution coniferous forest biome No. 56, IBP, Oregon State Univ., 
Corvallis, p. 1 - 2 3 . 

Singh, T. and Y.P. Kalra. 1972. Water quality of an experimental watershed 
during the calibration period. Transactions American Geophysical 
Union 5 4 ( 3 ) : 139 . 

Sklash, M.G. 1978 . The role of groundwater in storm and snowmelt runoff 
generation. Ph.D. thesis. University of Waterloo, Waterloo, Ontario. 

Skydt, P.E. 1 9 7 1 . An ecological study on the enchytraeldae of coniferous 
forest s o i l in the Kananaskis region. M.Sc thesis. University of 
Calgary, Calgary, Alberta. 

Stalker, A.M. 1973. Su r i f i c a l geology of the Kananaskis research forest and 
Marmot Creek basin region of Alberta. Geological Survey of Canada, Paper 
72-51, 25 pp. 

Stevenson, D.R. 1967 . Geological and groundwater Investigations in the Marmot 
Creek experimental basin of southwestern Alberta, Canada. M.Sc thesis, 
University of Alberta, Edmonton, Alberta. 

Storr, D. 1974 . Monthly and annual estimates of evaporation at Marmot Creek, 
Alberta by the energy budget method. Ottawa, Canada, Atmospheric 
Environment Service CMRR-6/74. 

88 



storr, D. 1977• Some preliminary water balances of Marmot Creek sub-basin. 
In Alberta Watershed Research Program Symposium Proceedings, Eds. 
R.H. Swanson and P.A. Logan, Northern Forest Research Centre, Edmonton, 
Alberta, Inf. Report NOR-X-176, p. 159-177. 

Strosher, M. and E. Peake. 1975. The evaluation of wastewaters from an o i l 
sand extraction plant. Project HY 3.1 AOSERP Report 5., pp. 103. 

Telang, S.A., B.L. Baker, J.W. Costerton and G.W. Hodgson. 1975. Water 
quality and forest management: The effects of clearcutting on organic 
compounds in surface waters of the Marmot creek drainage basin. A report 
prepared by the Kananaskis Centre for Environmental Research, Univ. of 
Calgary, Calgary, Alberta. Kananaskis Publ. No. 76-5. 

Tyteca, D., Y. Smeers and E.J. Nyns. 1977. Mathematical modeling and 
economic optimization of waste water treatment plants. C r i t i c a l Reviews 
in Environmental Control 8: 1-89. 

Wallis, P.M. 1978. Sources, transportation and u t i l i z a t i o n of dissolved 
organic matter in groundwater and streams. Ph.D. thesis. University of 
Waterloo, Waterloo, Ontario. 

Water Survey of Canada. 1973- Compilation of hydrometeorological records -
Marmot Creek Basin. 1973 Data, Vol. 9, Water Survey of Canada, Dept. of 
the Environment, Calgary, Alberta. 

Waters, T.F. 1959. The turnover ratio in production ecology of freshwater. 
Nature 103: 173-185. 

89 



APPENDIX I 
TERMS OF REFERENCE FOR RESEARCH CONTRACTS AND GRANTS INVOLVING THE MARMOT STREAM SYSTEM 

In April 1974 two research programs on organics and water quality were jointly 

funded by Environment Canada and Alberta Environment. These programs were located 

at the Marmot creek drainage basin and the Red Deer basin. 

The overall objectives and goals of the research programs were: 

1. to gain a better understanding of the occurrence and distribution of both 

natural and introduced organic compounds in the aquatic environment, and 

2. to determine the effect of man's activities on the quality of water in 

terms of organic constituents. 

These objectives were designed to determine, delineate and define the problems 

and to aid in developing solutions. 

The prime objective of the Marmot basin study, as stated in the original 

(1973-74) proposal, was to determine the effect of clearcutting on the organic load 

in surface waters with the following sub-objectives: 

to determine the identity of organic compounds entering the surface waters 

in forested areas; 

to determine the movement and stability of these compounds in the surface 

waters of a drainage basin; 

to determine the effect of clearcutting at Cabin creek on the load of 

organic compounds in the Cabin creek stream; 

to determine i f seasonal variations occur in either the chemical 

composition of the organics or the amount released into the surface 

waters of a forest drainage basin; 

to determine i f these organic compounds in a natural water system of a 

forest drainage basin can be used as a parameter to describe the water 

quality; 

to study benthos and periphyton communities in the Marmot creek basin; 

to determine i f relationships exist between the inorganic and organic 

constituents in the water flowing through an undisturbed natural habitat. 

In 1976 the prime objective of the 1973-74 proposal was expanded to include designing 

of a comprehensive model in perceptual, dynamic and stochastic terms to illustrate 

the processes occurring in mountain streams of the Marmot basin with the following 

sub-objectives: 

to identify sources of organic compounds in the reactor model; 

to evaluate the conversion processes for various organic compounds 

suggested in the reactor model; 

- to examine the processes of local input, notably involving groundwater; 
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to study periphyton and benthic communities to assess the direct contribution 

of organic content to the stream waters, and to assess the uptake of organic 

content by these organisms; 

to study the role of soil and allochthonous material with respect to flow 

of organic constituents in the stream system; and 

to determine inter-relationships among organic compounds, based on mass 

flow data to evaluate the model. 

Participants: B.L. Baker, J.W. Costerton, G.W. Hodgson, T. Ladd, R. Mutch 

S.A. Telang and P.M. Wallis ' 
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APPENDIX II 
GEOCLIMATIC DATA FOR MARMOT BASIN 
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APPENDIX III 
BOTANICAL DATA FOR THE MARMOT BASIN 

V e g e t a t i o n Map, Marmot B a s i n , A l b e r t a 

V e g e t a t i o n Type Map Code 

Rock and T a l u s 131 

H a i r y W i l d r y e (Elmyrus innovatus) 315.11 

K o b r e s i a (Kobresia myosuroides) 315.21 

S e d g e - E v e r l a s t i n g (Carex-Antennaria) 315.3 

Krummholz S p r u c e - F i r (Piaea engelmannii X P. glauaa - 328.11 
Abies lasioaarpa) (P.e. X P.g. - A.l.) 

Heather (Phyllodooa glanduliflora and 328.21 
Cassiope tetragona) 

White M t . Avens (Dryas hookeriana) 328.32 

W i l l o w (Salix) 327.1 

L o d g e p o l e P i n e (Pinus oontorta) 341.1 

S p r u c e / F l r / G r o u s e b e r r y (P.e. X P.g. - 341.61 
A.b./Vaooinium sooparium) 

S p r u c e - F i r / R u s t y M e n z l e s l a (P.E. X P.g. - 341.62 
A.l./Menziesia ferruginea) 

S p r u c e - F i r / S c o u r i n g Rush (P.e. X P.g. - 341.63 
A.L./Equisetum) 

S p r u c e - F i r / D o g w o o d 341.64 
A.L/Comus canadensis) 

A l p i n e L a r c h - F i r (Lari lyallii - Abies lasiocarpa) 341.72 

Lodgepo le P i n e - A s p e n (Pinus contorta - Populus 343.11 
tremuloides) 

B u i l d i n g s and Grounds 630 

F o r e s t c l e a r c u t 721.1 
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Aerial Extent of Vegetation Types Within Topographic Subunits 
of Marmot Basin, Alberta 

Twin Middle 
Sub- Sub-
Unlts Units 

Vegetation Type Map Code (Hectares) (Hectares) 

Cabin Confluence 
Sub- Sub-
units Units 

(Hectares) (Hectares) 

Lodgepole Pine 341.1 0 2.2 4.04 62 

Spruce-Fir/Grouseberry 341.61 45.88 28.4 7.32 0 

Spruce-Fir/Rustymanziesia 341.62 59.64 31.08 66.68 47 

Spruce-Fir/Scouring rush 341.63 4.08 0 2.92 0 

Spruce-fir/Dogwood 341.64 1.0 21.32 5.12 0 

Alpine larch-Fir 341.72 41.76 17.44 1.84 0 

Lodgepole pine-Aspen 343.11 0 0 0 8 

Buildings & Grounds 530 0 0 0 

Forest Clearcut 721.1 0 0 21.6 1 

Willow 327.1 0 0 0 3 

Rock and Talus 131 0 0 0 5 

TOTAL SUBALPXNE FOREST - 152.36 100.44 109.52 128 
TYPES 

Rock and Talus 131 8.12 62.8 8.8 0 

Hairy Wildrye 315.11 0 18.04 .72 0 

Kobresia 315.21 0 65.56 1.08 0 

Sedge-Everlasting 315.3 16.32 17.48 16.02 0 

Krummholz spruce-fir 328.11 7.64 23.48 11.36 0 

Heather 328.11 72.36 3.84 0 0 

White Mountain Avens 328.32 10.2 12.55 0 0 

Willow 327.1 0 2.2 0 0 

TOTAL ALPINE TYPES - 113.64 205.96 38.08 0 

BASIN TOTALS 266.0 306.4 147.6 128 .8 
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APPENDIX IV 
LIST OF TAXA TAKEN FROM TWIN CREEK AND CABIN CREEK 

A = Adults N = Nymphs or Larvae 

Insecta 
Twin 
A N 

Cabin 
A N 

Ephemeroptera Ameletus sp. 
Baetis bioaudatus Dodds (?) 
Baetis spp. 
Cinygmula par Eaton 
Cinnygmula spp. 
Epeorus deaepHvus (McDunnough) 
Epeorus spp. 
Ephemerella doddsi (Needham) 
Ephemerella aoloradensis (?) 

Rithrogena robusta Dodds 
Rithrogena sp. 

Plecoptera Alloperla delioata Prison 
Alloperla fidelis Banks 

(Sweltsa fidelis)* 

Alloperla pallidula (Banks) 
(Suwallis pallidula) 

Alloperla revelstoka Jewett 
(Sweltsa revelstoka) 

Alloperla spp. 
Araynopteryx signata (Hagen) 

(Megarays signata) 

Araynopteryx bradleyi (Hagen) 
(Setvena bradleyi) 

Araynopteryx tibialis (Banks) 
(Setvena tibialis) 

Capnia petila Jewett 
Capnia sextuberoulata Jewett 
Capnia sasquatohi Ricker 

(Bolshecapnia sasquatohi) 

Capnia nana nana Claasen 
Capnia sp. 'A' (new species) 
Capnia spp. 
Isoaapnia hyalita 

Isoperla sp. 'A' 
Nemoura oataraotae Neave 

(Visoka oataraotae) 

X X 

X X 

X 

X X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X 

X 

X 

X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X X 

X X 

X X 

X 

X X 

X 

X 

X 

X X 

X 

X X 

X 

X 

X 

X 

X 

X 

X X 

X X 

X 

X 

X 

X X 

X X 
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A = Adults 

Insecta 

N = Nympths or Larvae 

Plecoptera Nemoura aolumbiana Claasen 
(Zapada aolumbiana) 

Nemoura oregonensis Claasen 
(Zapada oregonensis) 

Hemoura frigida Claasen 
(Zap>ada frigida) 

Paraleuatra foroipita Prison 

Paraleuatra oaoidentalis Banks 

Paraleuatra puraellana Neave 

Paraleuatra spp. 

Paraperla wilsoni Ricker 

Paraperla sp. 

Peltperla mariana Ricker 
(Yoraperla mariana) 

Perlomyia utahensis Needham 
and Claasen 

Trlchoptera Rhyoophila alberta Banks 

Rhyaaophila glaaiera Denning 

Rhyaaophila hyalimata Banks 

Rhyaaophila milnei Ross 

Rhyaaophila vemna Milne 

Rhyaaophila riakeri Ross 

Rhyaaophila verrula Milne 

Rhyaaophila spp. 

Chyranda centralis (Banks) 

Eoolisomyia oonspersa Banks 

Eoalisomyia spp. 

Homophylax sp. 

Oligophlebodes zelti (Nlmmo) 

Oligophlebodes sp. 

Imania oasaadis Ross 

Imania sp. (new species) 

Imania spp. 

Philoaasoa sp. (new species 

Phsyohoglypha sdhmidi Nimmo 

Twin 
A N 

X X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Cabin 
A N 

X X 

X 

X X 

X X 

X 

X 

X X 

X 

X 

X 

X 

X 
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A = Adults N = Nympths or Larvae 

Insecta 

Trlchoptera L-irmophi'L-idae species I Ninuno 

Parapsydhe sp. 

Neothrerma sp, 

Diptera Dioptopsis sp. 

Oreogeton sp. 

Clinoaera sp. 

Chelifera sp. 

Diaranota sp. 

Rhabdomastix sp. 

Ped-icia sp. 

Erioptera sp. 

Gonomyodes sp. 

Hesperdaonopa sp. (?) 

Cylindrotoma sp. 

D-ia;a sp. 
Periaoma spp. 

Prosinrulium onyohodaatylwn 

D. and S. 

Prosimulium travisi Stone 

Prosimuliwn spp. 

Chironimldae 

Orthocladinae 

Chironomlnae 

Twin 
A N 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Cabin 
A N 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Turbellaria 

Hydracarina 

Ollgochaeta 

Others 

Polyoelis aoronata (Girard) 

X 

X 

X 

X 

X 

* (Nomenclature according to l i l i e s , J. 1966. Katalog der rezenten 
Plecoptera Das Tlerreich, 82: 632 p. Walter de Gruyter and Co., 
Berlin) 
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Mean biomass per unit area of the major invertebrate 
orders in Twin creek on eight occasions in 1975 
[gm-2 (wet/preserved weight)]. 

Diptera + 
Date Ephemeroptera Plecoptera Trlchoptera 'Others' 

75-02-22 3.820 6.193 2.044 0.269 

75-05-07 0.777 2.465 0.990 0.466 

75-06-05 2.512 2.056 0.629 0.146 

75-07-02 3.695 0.615 0.108 0.502 

75-08-08 9.110 3.630 0.513 0.812 

75-09-18 5.453 5.532 1.317 0.982 

75-10-19 2.263 2.505 0.287 0.185 

75-11-10 2.957 3.455 0.110 0.124 

Total 

12.326 

4.698 

5.343 

4.920 

14.064 

13.284 

5.242 

6.646 
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APPENDIX V 
PUBLICATIONS 
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