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- \ Abstract

The influence of changes in discharge and season on the concentration, partitioning, .

and export of a limiting rrutrient." phosphorus, wis-quantified for two streams in ccn{tral
Alberta from April to Cctober. 1983. The streams, Two Creek *2nd Sakwatarnau River, flow

over glacial till overlying sedimentary bedrock and are located on coniferous watersheds.

Phosphorus (P) was quantified in three size f ractions: 1) total drssolved phosphorus (TDP
<0.45 um), 2) fine partlculate phosphorus (FPP; 0.45 um - 1 mm), and 3) coarse_partrculate

phosphorus (CPP; >1 mm). Total phosphorus (TP) is the sum of TDP zrnd FPP.A
During 1983, 13.04 mg P/m" of. watershed was ltranSported past the Two‘ Creek
o
-'sampling station and 7.49 mg P/m? was transported past the Sakwatamau River sarnpling ‘
station; 72% of the P load was in the FPP fraction for both streams. Phosphorus export was
strongly pulsed during storm events; in Two Creek, 42% of TP was exported with 19% of th?,
weter in 2% of the time. Export of FPP was more strongly pulsed than was export of \TDP; in
Two Cr(eek 75% of FPP was transported within the same time period as 47% of ’l'DP transport.
| Surprisingly, spring runoff was not the most significant pcriod“ for P export. In-fact, 65% of
annual P loading was transported in June and 29% in J uly in Two Creek. This was probably
due to low winter snowfall relative to e:tstern watersheds and heavy rainstorms with’ overlznd
flow durmg late June and early July. Coarse particulate P contrrbuted mrmmally to P export
(0.4 mg/m? and 0.02 mg/m? for. Two Creek and Sakwatamau River, respecttvely)

Models to predict P export were developed for the study streams. In these ‘streams,

l

discharge and FPP concentratlon were positively correlated. A nonlmear model to predrct FPP
concentratron from discharge, which mcluded_ rate of changeﬁ of drscharge was srgmfrcantly
better than a linear model for the study streams. There were no srgmfrcant differences in the
relationship between FPP and discharge in different seasons. Total D{P'w:rs also pgsitively
correlated to discharge in both streams although the slope of TDP c_oneentration on cllscharge

was significantly lower than the slope of FPP on diseharge.



Stream sampling methodologies for collecting water samples were evaluated. When

replicate grab_samples were collected, there were no significant differences in TP and TDP
»

concentrations in either stream. Similarly, when samples were collected across the width of
either s'trearh, there were no dif fefences in FPP or TDP concentrations on any of the dates
sampled. Thus, the grab sample téchniquc used in‘this study was adequate to estimate P
. concentrations in streamwater. Also, there. were no diel patterns in P con’céntrations in Two
Creek and Sakwat?mau River.

The results of loﬁgitudinal transport of P in Two Creel_( suggest seasonal trends in size
of materials in transport due to significant differences in both TDP and FPP concentrations .
between August and. October. Howéver, TDP or FPP concentrations did not change
significantly along 3390 m of Two Cr;:ek in August or in October suggesting no longitudinal
trends in sizg of materials in transport. I postulaté that in Two Creck, greater transport of
particulate material during summer than autumn was priﬁarily due to higher flows and not
invertebrate processing.

This study concurs with earlier predictions that abiotic factors, such as watershed land
use, bedrock geology, and climatic regimes, all influence P export patterns. However, this study

‘suggests that P export coefficients based on watershed area may not be an appropriate éxport

expression for forested streams overlying sedimentary bedrock.
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| I.:’Gencra‘l Introduction

Transfers of marlcr or cnerg_\" m.volving one or more ecosystem component' have been
studied in attempts to understand stream ccosystem processcs and functioning (e.g., Cummins
1974, Likens and Bormann 1974, MacMahon et al. 1981). Phosphorus (e.g‘.., Hobbie and Likens
1973, Cahill et al. 1974, Johnson et al. 1976, Meyer and-Likens 1979, Rigler 1979, Hill 1982)
" and carbon (e.g., Hobbie and Likens \1’973, Wetzel and Manny 1977, Tate and Meyer 1981,
Wallace et al. 1982) are two frequently studied components. Phosphorus (P) is relatively
insoluble and unlike other nutrients such as carbon and nitrogen, P has no gaseous form.
Although P is found in low levels in naturai water, it rs essential for algal and higher plant
growth. The addition of P to surface waters can enhance autotrophic production and rates of

detrital processing (Schindler 1977, Stockner and Shortreed 1978, Elwood et al. 1981). For

these reasons, P is often considered to limit production m mrsturbed aquatic systems Thus,

by def ining the energy pathways of a fundamental componenl such as P, key processes ina

stream ecosystem.may be predicted from deterministic and sloch;_rstrc changes in the ecosystem.

To understand th€ energy dynamics of an essential cornponent it is necessary to define
- the rnputs and outputs to the ecosystem. Meyer and Likens Mesent the most rigorous
example of this apprc ~h & Bear Brook, an undisturbed headwater strcam in the Hubbard
Brook Experimental “orest. N=w Hampshite. A P mass balance wa: constructed for Bear

Brook for a 13-yr peric oase on an empirical model of the annual budget. Nutrient inputs

were qnantif ied -in three size fractions: 1) total dissolved P (<0.45 um), 2) fine particulate P

(0.45 um - 1 mm), and 3) coarse particulate P (>1 mm). Phosphorus inputs to Bear Brook \

for arl three size fractions were from precipitation, subsurface waters, tributaries, and leaf litter
fallin:g directly into the stream. The _important exports were all fluvial. In Bear Brook, P
accumulated and was processed in the stream ecosystem on most days of tbe year. Export was
confined to short periods of (high stream discharge, and the ratio of P outputs to inputs was
| directly related to annual streamflow. The net effect of ecosystem processes at Hubbard Brook

was the conversion of dissolved P and coarse particulate P into fine particulate P, which was

)
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then transported downstream.

| Howevcf‘!, m@sl. studies have more limited objectives; ihcy quantify exports to
downstrcam water bodies (e.g., Hobbic and Likens 1973, Johnson et gl. 1976, Ongley 1976,
Wartiovaara 1978, Rigler 1979, Hill 1981). The "cprrt cocfficient " approach (mass per unit
arca of watershed) is used to study the effect of one e'cosy;stem component on another, such as
the effect of land usc; pollution, and nutrient fertilization on nutrient levels in streams or lakes
(e.g., Ryden et al. 1973, Dillon and Kirchner 1975, Omernik 1977, Rast and Lee 1978, Stockner
and Shortrecd 1978), and has influenced the development of nutrient Ioaéing calculations for
eutrophication manfigemem. This approach has also been used to délerm'i»ne the- effect of

\

clear-cutting on P export (e.g., Bormann et al. 1968, Hornbeck 1975) afgd to study seasonal
changes in loading. Temporal or season-related changes in the ecosysten: (e.g. snowmelt and
storm events) influence P export and can vary from year-to-year ,(Meyer’ and Li.kens 1979).
Seasonal variation in P export has received increased attention in recent years because natural
-ecosystem variation must be understood before variation can be attributed to perturbations .
such as logging. I will discuss the effects of temporal change§ on P export in more detail‘ later.
Approaches that focus on nutrient inputs and outputs to streams give information only
on net transfers and not on transformations within the system. For example, P in a
) decomposing leaf may be assimilated into fungalr hyphae; both compounds are a similar size
fraction (>1 mm) even though they are very difierent compounds (Meyer 1978). While Meyer
(1978) and earlier stream biologists largely ignored tt/u's type of processing in their ecosystem
studies, emphasis has recently been placed on understanding physical, ch'emical,' and biological
processes that control material cycling (e.g., Newbold et al. 1982, Minshall et al. 1983). The .
cycling concept (termed spiralling) theorizes that the productivity and persistence of st:am
-ecosystems depend on t'he retention and _recycling of nutient and energy resources fr.om the
surrounding watershed as they are transported downstream (Newbold et al. 1982). Also, the |

degree of retention and reutilization of nutrients in a stream is associated with the "tightness”

of the spirals (Webster 1975).



Newbold and his colleagues (1982) at the Oak Ridge National Laboratory in Tennessee
constructed a stcady-state model to predigt spiralling lenglh of a limiting nutrient. A complete
cycle was considered to consist of biotic uptake of a nutrient atom from an available dissolved
state, subsequent pagsage through-the food chain, and ultimate return to the water in an
available dissolved form. Soluble reactive P (SRP).was measured as an estimate of biologically
available dissolved P. The model was based on five assumptions: (1) the system is in
stcady -state, (2) microbial growth and algal photosynthesis are limited through a concentratiqn
limitation on nutrient uptake kinetics® (3 all available P is within the SRP form, (4) all SRP is
available, and (5) soluble unreactive P is not important. The model prédicts that most
QOwnstrcam transport of the nutrient occurs in an unavailable particulate form when nutrient
limitation is severe but when "nutriem limitation is moderate”, transport in the dissolved phase
dominates and how well par.ticles are transported has little inf“l;encc on spiraliing 1ength.'
However, the terms "moderate" and "severe” nutrient llrlmtauon have never been operauonally
defined. The nutrient splrallmg model is important theoretically because it can incorporate the
potential role of invertebrate consumers on nutrient dynamics and could be elaborated to
incorporate other levels of “the food web (c.g. fish). In a recém study., radioactive P was
released into a Woodlahd stream in Tennessee and its uptake from water to coarsé particulate
organic matter (CPOM), fine particulate 'orgénic matter kFPOM). auf wuchs, grazers, etc., was
measured (Newbold et al. 1983). In this study, the average .velocity of P travelling downstream
was 10.4 m/d and P completed the cycle once every 18.4 d. The average downstream _distance
associated with one cycle‘, defined as spiralling length, was therefore 190 m (10,4 m/d X 18.4
d). Coarse particulate organic matter accounted for 60% of the uptake"althoﬁgh FPOM
transport accounted for 99% of the particulate turnover length due to a slow turnover time (99
d). As wul, P reténtion within the stream community was high; Newbold and his colleagues

attribute this to low drift rates of consumers and a long turnover time for P (152 d) within the

consumer community.



Another approach for defining stream ecosystem processes is the river cc;ntinuum

» concept. It was devcloped to describe gradual changcs in ecosystem structure, functlor\l and

stabnhly along the length of a stream (Vannote et al 1980). This concept prcdxcls that as

stream size increases, the reduced importance of allochthonous organic input coincides with'the\
enhanced significanéc of aﬁiochthonous primary production and organic transport from ‘\\

upstrecam; the latter is reflected by an increase in the ratio of gross primary productivity to

community respiration (see Yannote et al. 1980). Unlike the nutrient spiralling model, the river

continuum concept is based on a dynamic equilibrium whereby producer and consumer

communities charactenstnc of a river reach become established in harmony with dynamic

physical conditions of the channel. However., the river continuum concept is too general, and

deviations from expected.'patterns are too casily explained (e.g. Minshall et al. 1983).

It is apparent that stream ecosystem studies are elaborate and time consuming. Thus, it

is important to have well defined goals within budget and time constraints. A decade ago, many

’

‘.j"studies were conducted to evaluate the effect of land use on P loading in differgnt biomes (e.g.
i;Dillon and Kirchner 1975, Omernik 1977, Rast and Lee 1978). Most of these projects were

! government directed with eutrophication-control goals. In these projects, many different

Y

Jstreams were sampled once every two to three weeks. Dillon and Kirchner (1975) listed annual

S—

P export values for streams situated in watersheds with different geology and land use from all
/

over the world. The most widely used theorctical export coefficients for nutrient budgets were/
based on data f rom 34 watersheds in southern Ontario (Dillon and Kirchner 1975) or on daia
from all across the United States (Rast and Lee 1978). More recently, Meyer and Likens ( 1979)
and Rigler \(1'979) demonstrated that most P export values repbrted in the lit.eraturei are
runderestimates of actual loading because the data are derived ffom inadequate sampling regimes -

(2-3 Wk intervals) which neglected short-term chanées resulting from storm runoff (see Table

1.1). Stevens and Smith (1978) made a comparison between loadirig values obtained from 2-8 h

Ss.a.mpling intervals versus 8 d sampling intervals over a 102 d period. They found particulate P



was underestimated by 43% with 8 d us compared o 2-8 h sampling intervals; clevated
particulate P concentrations during short periods of high discharge were missed with the 8 d
routine. Also, soluble reactive P (potentially, the fraction of dissolVed pho'sphorus that is -
available for uptake) was overestimated by 12% with thc 8d routme because soluble reactive P

concentratron decreased at high drscharge due to dilution by rainwater. A srmrlar comparison

PR

. -

was done for a moorland stream in England; annual export was recalculated as if the samples
had been only collected on a weekly or monthly basis (Rrgler 1979), Both weekly and monthly
export calculatipns were srgmfrcantly less than "true annual export’ based on an intensive
sampling program. Thus, loading values in empirical models based on a 1-2 wk sampling
interval are poor estimates and require refinements.

Regional variations in general ecosystem characteristics (e.g. geolo;y, slope), timing of
seasonal events, and stochasticity of storms result in a variety of loadmg patterns. A stream in
rural New York (43% agricultural land) exported 75% of annual P during highest flows which
covered only 10% of .the time (Johnson et al. 1976). During snowmelt runoff, 50% of total
annual P export was transported from two contour-f armed Iowa watersheds '(Alberts et al.
1978). In only 10 days, 67% of the annual P export was transported f ron; a‘forested stream in
New Hampshire ( Meyer and erens 1979). A large portion of annual stream P lnputs can occur
within the first few days or hours of spring runoff in Aretic streams (de March 1975, H. E
Welch, Freshwater Institute, pers. comm.). Thus, P loading data exhrbrt strong temporal and

' seasonal trends, generally with peaks during snowmelt and storm events.

Regional variations exist in the relationship between P concentration and discharge.
Increasing discharge resulted in marked increases in total P concentration, especially in the fine
particulate f:action, for: (1) a forested stream (Bear Brook) on the Precambrian Shield
(Meyer and Likens 1979), (2) grazed moorland streams oh’)artmoor. England (Rigler 1979),
and (3) arctic streams entering Char Lake (de March 1975). In Bear Brook and the Dartmoor
streams, increases in P concentration during floods were larger during ascending than |

descending stage of the hydrograph, and P increases were greater in summier than winter



/
(Meyer and Likens 1979, Rigler 1979). In these two streams, most of the P increase during

flooding was in the particulate fraction; Rigle.r (1979) postulated that these increases could be
explained if P accumulated on the stream bed during periods.of base flow and was resuspended
as particulate P during floods. In Bear Brook, the relationship between fine particuiatc P and
- discharge variéci with scason, position of hydrograph, and watershed area. In the moorland
strcams, dissolved P concentrations increased slightly with an increase in discharge whereas in
Bear Brook, there was no significant change in dissolved P concentration when discharge
mcrcased In streams draining Ohio woodlands (Taylor et al. 1971) and in two rivers draining
disturbed watersheds in southern Alberta (Bow ‘River and Oldman River). dissolved P
concentration and dischargé were not related (Ongley and Blachford 1982).

Studies conducted in the larger rive;s in western Canada have concentrated primarily on
longitudinal trends in P concentration: year-tb-year variétion was monitored, and effects of
dumping urban effluents into the river evaluated (Patersqn and Nursall 1975, Tonés et al. 1980,
Ongley and Blachford 1982). Studies on small streams entering lakes have been conducted for
Lake Wabamun (Mitcheil et al. 1981), Baptiste L_ake\ (Trew et al. 1'978). Cold Lake (Trew et
al. 1981), and Nakamun Lake.(Riley and Prepas i984) as part of lake nutrient budgets. Most
stream§ were intermittent. Trew and his colleagues at Alberta Environment (1978) concluded
that Rast and Lee's (1978) export coefficients were adequate for streams draim’ng into Baptiste
Lak‘e.. However, P loading data for both Baptisté Lake and Rast and Lee's loading coefficients

- were based on inadequate sampling regimes. |

Many gaps exist in our knowledge of patterns in stream phosphorus. Good export
coef‘ﬁ’cie'ms have yet to be developed for watersheds on glacial till. Loading values have never
been presented on a seasonal basis for non-shield streams and this may be important in the
design of monitoring prografns. As well, the relationship between P concentration and
discharge.has never been adequately tested for undisturbed streams on glacial till. The

contribution of coarse particulate P to P loading has been investigated for only one stream,



\

’

Bear Brook, which is in a deciduOus forest and flows ovcr\{gne.ous bedrock (Meyer and Likens
1979) Also lhc standard approach for samplmg stream waler the grab sampling technique,
~ has never been tested for adequacy in estimating P- concentrauon in streamwater. In other
words, horxzontal heterogeneity in stream P concentration ‘at one locatiofi has not been

[N . . - r

evaluated. In this sl'tudy, I investigated these questions in two undisturbed streams located in a‘
boreal mixed-wood biome in central Alberta; I: (1) investigated[ the influence of season on P
loading, (2) examined the mfluence of determnmsue (e.g. spring runoff) and stochastic (e.g.

storm events) changes m {hé’ecosystem on P concentration and partitioning, (3) evaluated the

~ grab sample techmque and (4) developed a model to predict P loading in headwater streams

flowing over 3-5 m of glacial till overlymg sedimentary bedrock.
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1. Seasonal dynamics of phosphorus partitioning and export in two headwater streams in central

Alberta

A. Abstract

In 1983, phosphorus (P) €Xpoit was quantif ied for two tmdisturbed headwater streams
in central Alberta. Canada. These streams flow over 3-5 m of glaciai till overlying sedimentary
bedrock and, ate located in boreal mixed- wood watersheds. In these streams, the,:mfluence of
changes in drscharge on P concentratxon and partmomng 'was e¢xamined on an annual and
seasonal basrs and compared with streams on granitic bedrock ‘with dlsturbed or hardwood
forested watersheds The relauonshlp between P concentratlon and drscharge was used to
develop models to predict P concenn'atron/m the'forested, Albertan streams. Unlike previous
studies where P export'was maximum in the spring or autumn, P exp'or't'in the study streams
peaked during summer storm.events; 68% of total P loading was transported'durrng 12 da'ys in
.early summer. In the study streams, hysteresis effects were not~observed during the early
summer storms but werd»obse’rved during later‘summer storms. Phosphorus export was
prxman]y in the fine particulate fractron (0 45 um - 7 mm; 72%) Coarse particulate P was the
least rmportant fraction (> 1 mm 3% and 0.3% for the two streams) possibly due to the
absence of an autumn decrduous leaffall. There were strong posmve correlatlons between
dlscharge and both fme particulate P and total dissolved P (< 0.45 um); the correlations were
‘nonlinear and linear, respectrvely Models presented are. the first ba,éed on detailed data from
watersheds/wnh the followmg characteristics: (1) comferous trees, (2) 3-5 m of glacial till

overlying sedlmentarji' bedrock and (3) chmauc regime where summer storms aré a dommant

influence on P export

.13
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~ B. Introduction
A decade ago, many studies were cohducted to evaluate the effect of land use on
phosphorus (P) loadmg in different biomes (e.g. Dillon and Kirchner 1975 Rast and Lee

1978). Most of these projects were government directed wrth eutrophication- control goals. In

these projects, many different streams were sampled once every two to three weeks. More

recently, Stevens and Smith (1978), Meyer and Likens (1979), and Rigler (1979) demonstrated
_tb\at' most P export values reported in the literature are underestimates of actual loading; data

“derived from sampling regimes of 2-to-3 wk intervals are inadequate because they miss

dramatic short-term changes during storm runoff. For example, in only 10 days, 67% of the

a9
annual P export was transported from a forested stream in New Hampshire. (Meyer and Likens

979).

. The transport of P within different size fractions and the relationship with discharge

has been studied for two groups of streams flowmg over granite: the headwater streams located -

" in deciduous forest at Hubbard Bﬁook (Meyer and Likens 1979) and the grazed moorland
streams in Dartmoor, England (nglfl‘ 1979). ln the Hubbard Brook and Dartmoor streams,
increases in P concentration during floods were larger during ascending .than descending stage
- of the hydrograph, and P increases were greater in summer than in winter. Most of the P

increase dufing flooding was in the particulate fraction; Rigl/ er postulated that these increases
could be explained if P accumulated on the streambed during penods of base flow and_was

resuspended as particulate P during i’loods. In Hubbard Brook, the relationship between fine

particulate P (FPP; 0.45 um .- 1- mm) and discharge varied with season, posmon of

hydrograph, and watershed area. In the moorland streams, total dissolved P (TDP; < 0.45 -

um) concentratrons increased slightly wrth an increase in discharge whereas in Hubbard Brook,

4

there was no srgmf icant change in TDP when discharge increased. As well, the contributron of

"coarse particulate P (CPP > 1 mm) to P 18ading and the vanation in' P concentratrons -

‘between summer and wmter have been mvestigated for only one stream (Meyer and Likens
A 1979) Very lmle ‘is known about what to expect in different stream types such as those

.g.
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underlain by glacial till rather than granite bedrock, where groundwélef seepage may be

important, where seasonal discharge patterns vary from-the claggi_c_a/Lspring and autumn peaks,
and where vegetation is not characterized by deciduous trees wi{h a potentially heavy. P input at
autumn leaffall.

* The standard approach for sam;?lir{g streamwater, the grab sample technique, has -ﬁever
been tésted for adéquacy in -"estir'natirig P concentratiqn in streamwater. In other words,
hprizomz;l heterogeneity in stream P concentration at one location has not been adequétely
evaluated. As well, diel patterning may influence P loading. Although Meyer and Likens ( 1979)‘
reported no diel patterns in TDP concentration, de March (1975) reported diurnal changes in
flow, TDP, and FPP concentrations for streams enteriﬁg Char Lake; If diel patterns exist.,
sar‘{{?ling regimes should incorporate samples taken at different times in the 24-h cycle.

There are no published data on seasonal variation in P loading and partitioning in

AN
streams located on glac1al till in watersheds with primarily comferous trees. Thls information is
nccessary both to ded/elop sampling routines to monitor nutrient export from similar streams m
boreal forested regions and to develop a broader perspective on seasonal patterns in_nutrier;t
loading and P partitioning in streams. Thus, I investigated the followiné questions-. in two
undisturbed, headwater streams located on glacial till in a boreal mixed-wood biome in central
Alberta: (€} the influence of season ;n P export, (2) the influence of deterministic (e.g. spring
runoff) and stqchastic (e.g. storm event\s) changes in the ecosystem on P concentration and )
partitioning, and (3) the influence of the grab sample techm'que and Possibl; diel patterns on

sampling programs. I also developed models .to predict P loading in these forested headwater

streams. .
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C. Materials and Methods

Field Sampling- Fielrl work was conducted from stream ice-off (April 22) to freeze-up
(October 25) during 1983. Two streams,lTwo Creek and Sakwatamau River, were sampled
twice daily and more frequerrtly during storm'events.except for sixteen 2-d periods when
samples were being analyzed in the laboratory. Air and water temoeratures were measured with
a hand thermometer. A Price AA current meter was used to measure velocity and water depth
at 1.0 or 0.5 m intervals across the stream widtll. Water level was recorded wit" -ontinuous
recorders as well as from a depth gauge placed in each stream in April. On each visit, a grab
sample of streamwater was collected from the middle of each stream in 1-L Nalgene bottles for
P analysis. Occasronally grab samples of streamwater were collected for analysis of other
physical and chemical parameters such as turbidity, colour, and conductivity. To estimate
transport of CPP (>1 mm), coarse particulate matter (CPM) was collected from a l-mm
mesh net (35 X 40 cm) placed in each stream such that the entire water column was sampled.
To quantify the volume of water passing through the nets, water velocity was measured 1 m in
front of each net at the time of sampling. Material was collected daily from the nets from June
to October and later analyzed for P content.

To test i(\ one grab sample was adequate to quantify P trahsported downstream,
replicate grab samples were taken monthly from both streams. To test for spatia’ '¢.crogeneity
. across the stream width, grab samples were taken at 2-m intervals across the width of the
stream and analyzed for total phosphorus (TP)‘ and TDP concentrations. To test fcr diel -
variation in FPP and TDP concentrations, grab samples of streamwater were collected every 4
“h for 24 h. Samples for diel analyses were collected on five dates for Two Creek and four (lates
for Sakwatamau River throughout the sampling year. A |

Dally precxpltatlon data were obtained from an Alberta Forest Service fire lookout
station located on the northern border of Two Creek watershed Discharge data for
Sakwatamau River were compared to drscharge data collected by Envrror;ment Canada since

1973 at the mouth of Sakwatamau River (Environment Canada 1973- -1983).
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Hedvy rainstorms flooded the road to Sakwatamou River from July 4-19 and the
stream could not be sampled Consequently, Sakwatamau River loading data were interpolated
from a regressmn of Sakwatamau River P loading data on Two Creek P loadmg data for the
summer months cxcludiog this 16-d period (r=0.92). As well, Sakwatamau River data were
not used to analyze the influence of July storms on P concentration and partitioning. During
the heavyy rain storms in July, water depth increased in both streams such that normal sampling
procedures were distupted; flow velocity was calculated by multiplyiné surface velocity by a
factor of 078 (Gray 1970). To collect CPM, 1-mm mesh nets were held from the bank in the
water for 3 to 5 min. | | |

The two study streams were frozen .to the bottom from November ‘to April and
consequently, there was no export during this period.

Laboratory Methods- Total P was determined in triplicate (standard error always < 7%
of P value) on 50-mL subsamples filtered through a 1-mm mesh net and analyzed by the
potassium persulfate technique (Prepas and Rigler 1982)_. Water to be analyzed. for TDP was
filtered through a prerinsed 0.45-um Millipore HAWP membrane filter and analyzed as for TP.

_Fine particulate P was calculated as the difference between TP and TDP. To determine the size
of materials within the fine part‘icuAlate siie fraction, FPP was subdivided further (1 mm-80
um, 80-64 um, 64-10 um, 10-5 um, 5-0.45 um) on eight dates from August to October as well
as on three dates in the spring of 1984. Coarse particulate matter was dried for 24 h at 105°C
and weighed. Approximately monthly, six 1-g subsamples of dried CPM were analyzed for P
content and these data were used lo convert daily CPM dry weights to daily CPP values. '

Total Kjeldahl nitrogen was analyzed by the sulfuric acid -copper sulfate_ method of
D'Elia et al. (1977) as modified by Prepas and Treve (1983). Sulfate analyses were done on
samples filtered through a prewéshed Whatman GF/C filter by the gravimetric method with
ignition of the residue (American Public Health Association 1975). Chloride samples were
pretreated as sulfate samples and analyzed by the mercuric-nitrate method {American Public

’Health Association 1975). Sodium and -potassium were measured with flame photometry
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methods (American Public Health Association 1975). Calcium and.?magncsium were analyzed
with flame emigsion on a Jarrel Ash (Model JA82-270) atomic absorption spectrophotonieter
(American Public Health Association 1975).excepl no lanthanum was added. Alkalinity was
determined by the potemiometric titration method of Environment Canadai (1979). A Fisher
Accumet Digital pH meter model 520 was used to measure pH and to determine the end points
of the alkalinity titreition. Colour was measured visually, after samples were demrifuged for 10
min, on a Hazen platinum-cobalt scale with a_Hellige aqua testei model 611A.vTurbidity was
measured with a Hach Turbidimeter model 2100A and conductivity was measured with a
conductivity Bridge meter model 31.

Data Ma@ﬁlafion- Average monthly TP, TDP, and FPP concentralion‘s were
calculated. These averages were calculated after weighting ~each set Qf values by the

. P _
corresponding time iniei’val between sample collection. Phosphorus loading was calculated by
summing the product of P conc:antration. (mg/m*) and discharge (m®/s) for all sampling
intervals. Export coefficients were calculated by dividing the total mass of P transported by the
watershed ”area. Relétionships between TP, FPP, and TDP concentrations and discharge were
analyzed on an annual and seasonal basis with regression and corre jtlon analysis. To reduce

outliers, these analyses were done after the data were transformed to natural logarithms. When

the data were grouped seasonally or on the rising vs. falling stage of the discharge hydrograph,

'ana1y51s of covariance (ANCOVA) was used to test for equality of the regression lines. Linear

regression lines were compared in all cases because (1) not all relationships were described by
nonlinear models, (2) nonlinear and linear correlation coefficients were very similar. Analysis
of covariaiice was also used to compare slopes between the various P fractions and discharge.
Degree of similarity for TP loading between months was determined‘hy cluster analygis.; The
regression, ANCOVA, and cluster analyses were performed with BMDP -statistical software
(Dixon 1981) on the Amdahl computer model 580/5860 at the University of Alberta.

Replicate grab samples were compared with paired ¢-tests (Snedecor and Cochran

1980). Data-collected to estimate spatial heterogeneity as well as to test for diel variation were



19

vanalyzed with the maximum normed residual (MNR) test for outliers. Since multiple
comparisons were used when looking at diel variation and spatial heterogeneity, significance
was accepted at P<0.01. This test is not refined enough to test for small differences; only large
dif f erenees could be detected.

Data from Two Creek .were used for most illustrations except where important
differences between the two streams warranted added illustrdtions. Iltustrations for
Sakwatamaq River data are in Appendix C. Raw data for both Two Creek and.Sakwatamau

River are listed in Appendix D.

D. Site Description

This study was conduered on two adjacent, undisturbed watersheds (Two Creek and
Sakwatamau River) located approximately 230 km northwest of Edmonton, Alberta (Fig. 2.1).
At the samplmg snte\ Two Creek (54°18'N, 115°20'W) is a thrrd order stream drammg 161
km? and Sakwatamau River (54°24'N, 116°05 W) is a fourth- order stream draining a 281 ka
watershed. Two Creek and Sakwatamau River drain into the Athabasca River 8 and 30 km
«downstream from the sampliné sites, respectively.

'Wdterehed vegetation is mixed boreal foreet; the dominant tree species are white'sr)ruce
(Picea glauca), lodgepole pine (Pinus contorta), aspen poplar (Populus tremuloides), and
balsam poplar (Populus balsamifera). Shrub species along stream .banks include wi]loWs (Salix
%pp.), wild rose (Rosa acicularis), river alder ( Alnus tenulfolm) and various berries. Stream
faunal communmes are represented by invertebrates (primarily Corixidae and Ephemeroptera,
Appendix A), mountain whitefish .( Prosopium williamsoni), and arctic grayling (Thymallus
arcticus).

Bedrock underlying the streams is sedimentary (shale, sandstone, and mudstone) of the
Paskapoo formation (Paleocene) overlain by 3 to 5 m of glacial tili '(Knapik and Lrndsay

1983).. Watershed soils are primarily Gleysolic, which is—a\elay or sandy-clay loam, and organic
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soils are found along the stream beds (Knapik and Lix}dsay 1983).

Dominant ions in the streamwater are calcium and bicarbonate; average conductivity
was moderate ( 185 and 174 umhos/cii Tor Two Creek and Sakwatamau River, respectively).
‘Average turbidity of streamwater was low (2.5 and 2.6 NTU for Two Creek and Sakwatamau
River, respectively) although average colour was moderate (69 and 47 mg/L Pt for Two Creek
and Sakwatamau River, respectively). Total nitrogen to total P ratios were moderate (22-27).
Average pH was high (8.1) for both streams and watcr'temperature ranged between 0° and

4]

20°C.

E. Results _ ' o

When replicate grab samples collected at the same time and location were compared,
there were no signfficant‘ differences in TP concentrations (16.6i 1.2 mg/xﬁ’, n=11, t=1.82,
. £>0.05) and TDP concentrations (10.2+0.4 mg/m?, n=11, t=0:75, P>0.4) in both streams.
Similarly, when samples collected across the width of eith.er _strea’m at approximately the same
time were compared, there were no differences in FPP or TDP concentrations on any of the
dates sa;npled (P>0.05'; Fig. 2.2). However, there were significant changes in discharge for
. Two Creek on May 11, June 2, and August 30 (P<0.01). Therefore, in the two study streams,
P was mixed fairly well horizontally such that even when discharge was so low it was nof
detectable at a location (e.g. 7-m on May 11 at Two Creek; Fig. 2.2), P concentration in the
water column was uniform.' Thﬁs, the grab sample technique used in this study was adequate to.
estimate P concentration in streamwater.

On eight of the nine sampling dates, there were no diurnal changes (P>0.01) in
discharge, FPP, and TDP concentrations for Two Creek and Sakwatamau River (Fig. 2.3).
Howevér, for Sakwatamau River on May 5-6, there was a significant changer in discharge
(P<0.01) due to increased runoff resulting from raiﬁ. These results suggest no diel patierns in

P concentrations in Two Creek and Sakwatamau River.
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During the sampling year, 623 mm of precipitation fell on the watersheds, most (75%)
during June and July. Relatively little precipitation fell during spring (9%) and autumn (10%).
This pattern of rainfall was reflected in trends of stream discharge (Fig.;2.14). Heavy storms
during J\une and July caused dramatic increases in discharge accompanied by overland flow.
Consequently, during June and July, 82% and 64% of annual discharge was recorded for Two
Creek and Sakwatamau River, r'espectively."’l'his pattern of heavy rainfall dufing early summer
is not unusual for the region; maximum daily,discharge at the mouth of Sakwatamau River was
during June in 5 of the last 11 jears. Only once during the 11-yr period was maximum daily -
discharge record'ed during spring. runoff (April 27, 1974). Based on data collected by
Environment Canada a‘t the mouth of Sakawatamau River, total annual discharge in 1983 (164
000 dam®) was slightly Below the 11-yr average (179 145 dam®). However, the maximum'
instantaneous discharge (the largest discharge recorded at any one time in the sampling year) in
1983 was exceeded three times since -1973. Since overland flow accompanied maximum
instantaneous discharge at the study site in 1983, overland flow probably occurred at least four’
times during the lz_lst 11 years. Thus, materials transported during overland flow could have
accumulated for several years.

-.Storm Analysis of P Concentrations- Since such a high percentage of annual rainfall fell
during late June and July, discrete storm anlalysis is difficult and cumﬁlative effects were very
important. The first rainstorm (Mz;y 6-8) came before all the snow in the watershed had melted
and consequently, a sustained increase was recorded in discharge and TP concentration because
of increased snowmelt. The next storm event (June 17-21) was accompanied by overland flow. ‘
During this storm, TP concentration increased by 851% and 1491% over pre-storm
conc;mrations in Two Creek and Sgkwatamau River, respectively; 87% and 93% of the increase
was in the FPP f raetion. At the éame time, CPM transport increased by 1001% in Two Creek
and by 529% in Sakwatamau _River over pre-storm transport. Peak discharge and TDP
concentration were measured the day following peak rainfall. However, peak TP concentratién

was noted three days af ter peak discharge and consequently TP concentrations were highér on

LY .
’
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the falling limb of tl;c storm hydrograph (hysteresis effect predicts higiier P concentrations at
similar discharges on the rising limb than on the falling limb of the storm hydrograph (Gréy
1970)). Storms on June 30 to July 3 and July 15 to 17 resulted in“similar trends although
' inéreascs in FPP (443% and 289% in the two storms, respectively) and TDP (134%, 126%)
concentrations were not so dramatic.

Rain fell on most days in July but heavy rain storms on July 25 to 27 and again on July
29 resulted in a 266% increase in TP concentration with 93% of this increase in the FPP fraction
in Two Creek. During these slorms’, CPM transport increased by -only 141%; however, the
relationship between the storm hydrograph and P conceﬁ;ration showed a different pattern
from previous s ‘r.ms. Total P concentrations peaked the same day as rainfall while stream
diécharge and TDP concentrations peaked the following day, although changes in TDP
concentrations were slight. Consequently, TP concentrations were higher on tl}e rising limb
than on the falling limb of the storm hydrograph (hysteresis effect). |

Patterns in Phosphorus Dynamics- Average TP, TDP, and FPP concentrations
o (time-weighted) over t?e sampling year were very similar in 'I;w"o Creek :and Sakwatamau River
(Table 2.1). In' both streams, average moﬁthly TP and FPP concentrations were highest ir}
-June when discharge was also high. In Sakwatamau_River,‘ average monthly TDP concentration
was highest in July whereas in ‘Two Creei(, TDP was highest in Aprjl. In Sakwatamau River,
the second highest average monthly TP, TDP . and FPP concentrations were all in April. The
- reason for relatively low spring FPP concent;ation in Two Creek compared to Sakwatamau
River can be postulated. Ice on the Sakwatamau River gtreambed melted bef ore April 22 and all
ice along the banks was gone by Apr]l 24, Howeve'r‘,'i’ri/:rwo Creek, ice melted from the top to
- the bo.ttom and ice sitting on the s:xbstrate did not melt until May 3. Fine particulate P
transport was significantly greater in Sakwatamau_kiver than in Two Creek from April 22 -
May 3 (Wilcoxon two-sample rank test, n=14, P<0.01). This suégests that there was no
resuspension of FPP from the streambed in Twc; Creek during this period whereas there was

resuspension from the streambed| in Sakwatamau River. In both streams, TP, TDP, and FPP
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concentrations were lowest in October when discharge was also low.

Most of the P in the FPP size fraction from August to Oetober was bound io matcrials
in the 5-10 um §ize range for both Two Creek (50%) and‘Sal‘cwatamau River ('71%). The next
most important fraction in FPP was the 0.45 to 5.0 um fyaction in Two Creek (33%) and in
Sakwatamau River (12%), especially in the autumn. There Was relatively little P in the 10-100
um size fractions ianwo Creek (18%) and Sakwatamau River (17%) from August to October.
From April to June, 1984, P was bound to all fractions of FPP: no fréctipn was dominant
(Figs. 6.3 and 6.4).

Discharge and FPP concentration were strongly correlated (r=0.81 and‘ r=0.74 for
Two Creek (Fig. 2.5) and Sakwatamau River(Fig 6.5), respectively). qu bo}h streams, a
-second order polynomial fits the FPP - discharge (Q) data better than the linear model, and
when the rate of change of diécharge (R) .was added as a third independent variable, the
.nonlinear model fits the FPP data even better (P<0.05). In both streams, when the FPP on Q
and R relationship was eompared between rising and falling stage of the hydrograph, there were -
no significant differences (n=207, P=0.12 for Two Creek; n=165, P=0.75 for Sakwatamau
River). In Two Creek, there were no significant seasonal differences in the relationship of FPP
on discharge between early vs. late summer storms (n=463, P=0.08);‘ there were insufficient

~ data to do a si.milar analysis foe Sakwatamau River data. In both Two Creek (Fig. 2.6) and
Sakwatamau River (Fig. 6.6), TDP cencemration was positively correlated to discharge
(r=0.68 and r=0.66, respectively) although the slope of the regression of TDP on Q was
significantly lower than the slope of the regression of FPP on Q (P<p .01). For the TDP - Q .
data, a lmear model was the best fit (P>0.05). Finally, the r;atxonshxp between TP
concentratxon and discharge was similar to the relationship between FPP and discharge,

‘although more of the variability in the data set was explained with the TP models than the FPP

models in both Two Creek (Eq.1) and Sakwatamau River (Eq.2).

InTP = 3.04 + 0.25InQ + 0.09(InQ)* + 0.12R,  (r=0.87, n=209) (1)
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InTP = 2.91 + 0.26InQ + 0.12(InQ)* - 0.09R, (r=0.78, n=166) (2)
[
" In Two Creek, contrary to the FPP on Q and R results, there was a significant difference

between regressions of TP on Q and R' based on early (June 18 - July 13; Eq. 3) vs. late

. £
summer storm data (July 14 - August 4; Eq. 4) (P<0.001).
InTP = 2.36 + 0.54InQ + 0.12(InQ)* - 0.33R, (r=0.94, n=33) ' (3)

InTP = 3.06 + 0.09InQ + 0.14(InQ)* + 0.25R, (r=0.90, n=33) (4)

The mass of coarse particulate matter transported downstream during storms was large;
» 48 533 and 5071 kg dry weighi was t_ransported from Two Creek and Sakwatamaﬁ River,
respective]y; The relationship between CPM and discharge is linear reflecting the strong
'ir'lcrease in total CPM transport during high discharge (r=0.88 and‘ r=0.79 for Two Creek and
Sakwatamau River, respectively; Fig. 2.7). The seasonal ﬁattern of P content of CPM was
. consistent between strear;ls; CPM transport was largest in June (25 918 and 4365 kg for Two
Creek and Sakwatamau Ri‘ver. respectively) and low_est in October (3 kg for both streams)..
Phosphorus content of CPM generally increased over sumrﬁer (from 0.13% to(0.21% of dry
weight in Two Creek and from 0.11 to 0.22% of dry weight in Sakwatamau River) and then
declined during p;ak needle and leaffall in autumn (Table 2). This suggests ihat P content of
CPM increases with length.of time in the stream. However, 99 and 98% of CPM for Two Creek
and Sakwatamau }iiver, respectively, was transported duriﬁg storms in June and July so CPP
loading was highest in summer and lowest in autumn when flows were low (Tabies 2.3 and
2.4).

During the sampling period, 13.04 mg/m? and 7.49 mg/m? of P (inéluding TP and
CPP) was exported from Two Creek and Sakwatama‘u River, respectively. Both streams carried

72% of the annual P export in the FPP: size fraction. Coarse particulate matter was a relatively
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~ insignificant portion of the P load; 3% and 0.3% of total P transport for Two Creek and
Sakwatamau River, respectively. In Two Creek, P transport was greatest in June for all three
size f ‘raction; In Sakwatamau River, this general pattern also held, although TDP transport was
al§o high in July. For all size fractions in both streams, P loading was lowest during October.
In all months except June and July, TDP transpo’rt was greater than FPP transoort for both -
streams. To determine which months were m’ost closely related in terms of P export, a cluster
analysis was used; T_P loading in the months of June, July, and August were most closely .
related. These were next most similar to May‘and then September. The first and last months of
the study (April and October) were the least reﬂlated to any other month. This trend held true
for both Two Creek and Sakwatamau River (Fig. 6.8). This pattern suggests a seasonal
inf]uenoe in TP loading reflecting large increaoes in discharge during tne summer months.
Phosphorus export was strongly pu‘lsed during storm events; in Two Creek, 42% of TP
was exported with 19% of the water in 2% of the time (Fig. 2.8A). Exportvof FPP was rnore
strongly pulsed than was export of TDP:.75% of FPP was transported within the same time
perrod as 47% of TDP transport (Fig. 2.8B). To determine how important the two major
storms were in terms of pilsing, the mass of P transported during storms was calculated. In
Two Creek, 83% of the TP Ioading in June (1097 Kg) was transported during the first storm '
(June 17-21) and thlS storm accounted for 55% of TP loading for the enure sampling year. In
Two Creek, 50% of the TP loadmg in July (294 Kg) was transported durmg the second large
storm (J uly 24-30) and this storm accounted for 14% of TP transport for the sampling year.
Consequently 68% of TP loading was transported dunng 12 days (6% of the time); 76% of
FPP loading was transported during the two storms. Thus, P export, primarily in the FPP

‘fraction, was strongly pulsed during storm events.

T~
S
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F. Discussion : - » ’
Although de .March (1975) reported diel changes in P concentratron in arctic streams, I
found no diel patterns in P concentration in Two Creek and Sakwatamau River. Meyer and
erens (1979) also observed no diel trends in TDP concentrations. O'Connell and-Davies -
(1977) reported differences in fine particulate detritus density over a 24-h period for mountain
headwater streams Ain' Alberta, possibly due to changes in the rate of detrital processing by

stream »in\'fertebrates. Kaplan and Bott (1982) postulated several reasons for observed diel’

fluctuation in dissolved organic carbon: diel- changes in inputs of allochthonous litter,
autochthonous production and processing, or fluctuation in inputs of groundwater. If these
processes can also explain diel P patterns, I postulate that other physical processes such as f]ow
were dominant over detrital processrng by“invertebrates in Two Creek and Sakwatamau River.
Diel patterns may be more prevalent in smal]er streams where tiischarge is low and thus not
likely to be a dominant influence or in streams that are influenced by other diel patterns such as

beaver activity or point~source ef fluents. \ -

Although Meyer and Likens.(1979) reported no relationship- between TDP and
discharge in the forested Huhbard Brook streams, there was a positive relationship-between
TDP and discharge in Two Creek and Sakwatamau River. However, my results conchr-.with
_tesults obtained in grazed watersheds in Dartmoor, England (Ri"gler 1979). In the stuclly‘*
streams, positive correlations between TDP concentration and discharge could be a result of
several factors 1) hrgher TDP concentratlons at higher discharges during sprmg caused by
) resuspensron of sedrment that had accumulated during low flows the previous autumn from a.
thawmg streambed, 2) high TDP concentration due to -increased| allochthonous inputs with
overland f‘lov_v‘(at high discharge), or 3) decreasing TDP concentration during-declining flows
m autumn, perhaps due to increased processing and thus conversron into FPM durmg low
flows These explanatlons would suggest a seasonal relatlonshrp between TDP and dlscharge

This last hypothetlcal process concerning increased processing at low flows is supported by -

research on P spiralIing which suggests that processing within stream biotic compartments is

e

‘.:_,/4
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I3

most 1mportant at low flows (Newbold et al 1983) Meyer and Likens ( 1979) attribute the
absence -of a relattonshtp between TDP and discharge to very low concentrations of TDP
resulting from biotic (e.g. perrphyton) and abiotic (e.g. sedrments) P sinks. However the
Dartmoor streams have an organic-rich soil horizon whtch could act as a P sink which would
su‘ggest no. relationship between TDP and dlscharge, contrary to the observed positive
relationship between TDP and discharge In Two Creek and Sakwatamau River, periphyton
only grew for a 2-wk period in early fall and there were no bryophytes at any time so a brotrc
sink is an unlikely explanation in these streams. During low ﬂow stream bacterxa may have "
been an important P sink, however, bactena were not quantified in this study. A possible
explanation for.a positive relauonshxp between TDP'and discharge in the study streams is
increase in groundwater inputs during storm events; groundwater is usually hrgh in TDP. A

posmve relatronshrp may exist between TDP and drscharge for all streams overlying

sedxmentary rock.

Although\ both TDP and FPP concentrations increased with increasing discharge in the
two study streams, increases in FPP were stronger than increases in ’I"DP‘ (P<b.01). These
results concur with earlier studies which.reported a. stronger resoonse of FPP concentration to
) discharge during summer than winter (Meyer and Lilcens 1979, Rigler 1979). As well, these tw_%“
earlier studies did not report seasonal differences except between summer and 'winter or between
rising —tmﬁ" falling: stage In contrast, there were neo signifi 1cant differences between P
concentrauons on the rrsmg vs. fallmg stage of the drscharge hydrograph m Two Creek and
Sakwatamau River. In addx\tron in the central Alber/ta streams, storms durmg the early part of
the summer did not elrcrt the hysteresrs effect. These two unexpected results suggest that a large
P'pool was still contrrbutmg to P in the flowing water while discharge was decreasmg A large P
pool could have accumulated during autmn and winter and remained in the stream during the

‘

relatively small spring runoff compared to other areas. As well, P may have accumulated smceu\ '

spring runoff. I n the later part of. the summer, hysteresis effects were apparent in Two Creek

and Sakwatamau River during storms. This late appearance of the hysteresis effect suggests '
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that during the early summer storms, FPM that had accumulated over a considerable time

period was washed out of the streambeds whereas increases in later summer were due to P .

which had accumulated 6ver a much shorter time period, i.e., since the last storm, as was

suggested by ngler (1979) Thus all these detailed stream studies indicate that FPP transport .

3

is dependent on drscharge as well as length of time since the last storm. The dependency of FPP
transport on drscharge is further supported by FPP fractmnatron P was transported in all
" fractions at hlgh flows when coarser sedrments were suspended and in smaller fractions during
(

low flows when only finer sediments were_transported.

In TwoCreek and Sakwatamau River P content of CPM increased during summer and

peaked during autumn. Thrs pattem was also observed on hardwood Watersheds at Hubbard'

Brook (Meyer and Likens 1979). However there was lrttle seasonal variation in nutrient

content of coniferous and deciduous fractrons from two streams in Ontarro ( Dance et al. 1979),

“Since the watersheds in this study are dommated by coniferous trees, leaffall was slight but

large amounts of spruce neédles were transported in streamwater, ‘In the study streams, the

decline in P content of CPM at peak leaffall could be caused by retention of nutrients by trees” -

when they shed therr needles or leaves Even though Dance et al. (1979) reported lower P

content m coniferous matter than decrduous matter, the P content of CPM from Two Creek . .

and Sakwatamau River (0 10% - 0 22%) was higher than for a decrduous forest stream -

(0.079%)- at Hubbard Brook (Gosz et al.. 1972). Geographxc variation could explam this
drscrepancy Even though the P content of CPM was highest in autumn in the two study

streams, P transport of CPM was greatest in summer because of the large mass of CPM

transported during storms.' While CPP was transported primarily in autumn at Hubbard Brook,

this autumn peak can be explamed by leaffall from the deciduous watershed and increased
f/

3 flows in autumn. The two different trends suggest that CPP export is depen‘de_nt upon type of

watershed vegetation and regional pattern of discha'rge. :

Export coefficients from Two‘ Creek and Sakwatamau River were 13.0 mg/m? and 7.5

mg/m?, respectively. Export coefficients in this study are similar to coefficients developed for

v,
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forested watersheds overlying scdimentary bedrock in‘southern Ontario (11.7 mg/m?; Dillon

and Kirchner 1975). While Dillon and Kirchner's (1975) coefficient is relatively high, paftly

| . . . . . .
because of large inputs in autumn from deciduous trees, their estimate is probably an

-~

underestimate because of inadequate sampling frequency. As expected, export frdm the two
undisturbed study streams was less than export from érazed watersheds in Dartmoor (19.9
mg/m?; Rcigler 1979) and Ireland (25.1 mg/m?; Steyens and Smith 1978). Since Dillon and
Kirchner's (1975) studyireported less P export from igneous than sedimentary watersheds, it is
not surprising that P ex’);orl from the I-fubbard Brook stream (7.3 mg/m?; Mey‘ér and Likens
1979) was less than from Two Creek and Sakwatamau River. One major diffe;encé between
this study and the Hubbard Brook study Was that CPP accounted for 19% of ™ =xport from the
watershed in Hubbard Brook whereas CP? accounted for 3% and 0.3% of the export from Two
Creek and Sakwatamau River, respectively. One major factor that could explain this difference
is autumn leaffall from deciduous trees in Hul;bard Brook. In cbntrast, Two Creek and‘
Sakwatamau River watersheds are forested.primarily by spruce t}ees and there is. no autumn
leaffall. This study supports the general hypothesis that P export is predictabie from beadrock \
giglogy and land use in the watershed. /

However, there is no apparent reason why the Two Creek export coefficient is 69%

< -

higher than the Sakwatamau River export coefficient. Average monthly P concentrations were

sxmllar for the two streams and P mass exported by the two streams were also ‘very similar;
Sakwatamau River exported 3% more P than Two Creek based on absolute mass. The re]au’vely
large watershed size results in a low export ¢oefficient for Sakwatamau River as compared to

Two Creek. This discrepancy ‘suggelsts that the actual size of the Sakwatamau River watershed

. may be smaller-than that ca]culated from surficial topogr.aphy. :‘Xs well, groundwater may alter

P concentrations or the direction of subsurface flow. These data suggest that éxport coefficients
based on watershed size may not be appropriate for streams on glacial till over sedimentary

bedrock.
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In the study sti..ns, P transport was strongly pulsed during the first part of the
summer and storm events were the dominant factor influencing P transbort. Other studies
report strong P pulsing, although sources and timing of the pulses vary. For example, in Bear
Brook, a forested stream in New Hampshxre 67% of the annual exports were transported
during 10 days, primarily during sprmg and autumn (Meyer and leens 1979). In wwo
contour-farmed watersheds, 50% of P exports were transported during snowmelt runoff in

- March (Alberts et al. 1978) In a rural stream in New York. 75% of the P was exported during
lnghesl flows in 10% of the time (Johnson et al. 1976). A large pomon of stream P inputs can
T be expdrted within the first few days of spring runof f for Char Lake (de March 1975) and few
”houI‘s for the Sagvaqjuak region (H.E. Welch, Freshwater Institute, pers. comm) in the
\/éa\na/dran Arctic. Low winter sffowpack in central Alberta compared to southern Ontario,
Quebec, and the New England states as well as a long period of snowmelt (e.g. a chinook
followed by a snowstorm in April 1983) could account for the negligible importance of spring
runoff compared to other studies. Regional dlfferences in patterns of storm events could
account for some differences in timing of P transport. For.example, in New Hampshire, major - -
storms are more likely to occur in spring and autumn (Meyer and Likens 1979) whereas in
gentral Alberta, major storms are more likely to occur in early summer. Thus, the timing of P
pulsing may be predictable on a regional scale based on Acllmatic reginl’es and this information
can be used to plan monitoring programs for sampling flu_vial P. For example, thls study;
_indicatee that a major ‘portion of the.P loading takes place during storm events and that
sampling frequency should be on the order of every few .hours during heavy"‘storms in central
Alberta. As well, in this region, daily sampling )'s-adequate during the low spring runofl and
bi-monthly sampling during low flow in the fall. However, the efficiency of this suggested
sampling regime is strongly dependent on climatic patterns and yearmaﬁation may be
significant (lpvleyer and Likens 1979). eren TP loading coefficients were recalculated based on

- a weekly sampling frequency, the coefficients for Two Creek ranged between an underestimate

\ _ : /
of 54% to an overestimate of 10% (mean underestimate of 15%), depending on which day of the
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"‘week sampling was done. CoefTicients based on weekly sampligg for Sakwatamau River were all
underestimates ranging between‘ 10 and 49% (mean 34%). Thi%,nderestimation indicates the
inadequacy of weekly sarripling regimes. As well, the discrepancy between the coefficients for
the two streams based on weekly samples indicates thé unpredicatabili;y of weekly sampling
regimes. |

The degree and causes of pulsing have important implications for the biotic community
within the stream. If pulsing is caused by large increases in discharge, as in this study, P cycling
distance wbuld be long at high discharges since distance travelied in one cycle is the product of .
cyciing time and downstream velocity (Newbold et al. 1983). Although P uptake rate does
increase at higher flows because of turbulent contact of the water column with the substrate,
this increase would likely be overshadowéd in the two stud)f streams by the rapidldownstr'eam
transport of FPM and CPM at high flows and the large increase in'water depth. Estimations of
biologically available P for streams in Quebec indicated low availability -of the suspended
particulate fraction (Peters 1981) which is the largest fraction trénsported d.uring high storm
flow in TWo Creek and Sakwatamau River (see Chapter 5). During low flows in all streams, P
cycling length would be shorter and a P atom would he retained longer in the stream within
both biotic and aﬁiotic compartments. Thus, while estimating mass of P transported
downstream is undbubtedly important to d“own‘stream water bodies, mass transported does not
indicate availability of P to the stream ‘community itself. Rather, .P‘uptake and cycling
(assuming some degree of relatedness to availability) is dependent upon a number of factors
including flow fatgs, standing stock 6f particdlate matter, and standing stock of exchangeable
b .

This study concurs with earlier predictions that abiotic factors, such as watershed land
use, bedrock geology, and climatic regim'es, all influence P export -pattérns. However, this study
suggests that P export coefficients based on watershed area may not be an appropriate export
expression for forested streams ove;lying éedimentary bedrogk. Alm£ta-/str%ms would be ideal
for many studies including: (1) a P budget for headwater streams on coniferous watersheds

~
~
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where the CPP inputs and outputs are low relative to deciduous watersheds and where
groundwater may be a significant input to the syétem, (2) availability of P during high vs. low
flows, (3) possible retention or accumulation of P in stream sediments, and (4) the influence

of watershed size on P export in streams overlying glacial till.
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Table 2.1. Time-weighted avera
(FPP), and total dissolved pho

and Sakwatamau River.

36

ge total phosphorus (TP), fine particulate phosphorus
sphorus (TDP) concentrations (mg/m?*) for Two Creek

TWO CREEK SAKWATAMAU RIVER
Month TP TDP FPP TP TDP FPP
April 28.4 17.5 10.9 37.0 217 15.2
May 22.0 11.6 10.3 22.7 12.7 10.1
June 43.3 '11.6 32.2 ©48.3 11.0 38.2
July 35.0 14.7 20.3 32.2 233 13.1
August 20.5 11.2 94 - 18.0 10.7 7.4
September 15.8 9.3 6.6 14.6 9.7 5“0
October 13.5 8.6 4.9 13.6 9.2 4.4
Average 25.5 ‘11.7 : 14.0' 25.8 13.1 13.1
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Table 2.2. Percent phosphorus (P) content of coarse particulate matter (CPM) for Two
Creek and Sakwatamau River for 5 dates in 1983. '

DATE TWOCREEK - SAKWATAMAU RIVER
June 17 | 0.13 o',11
August 1 ‘ 0.14 _ 0.16
September 6 O.}G 0.16
September 22 0.21 022
October 10 0.10 . 0:12
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Table 2.3. Mass of total phosphorus (TP), total dissolved phosphorus (TDP), fine
particulate phosphorus (FPP), and coarse particulate phosphorus (CPP) in kg transported
past Two Creek study site during each month of the study and over the whole study period ‘
expressed in total mass and mass per unit area of Watersped (Export Coefficient mg/m?).

Note that TP does not include CPP. Q.

Month TP TDP . FPP CPP
April ‘ 1.1 67 4.4

May 59.5 29.8 29.7

June S 13260 249.5 11076.5 33.69
July : 584.4 . 201.2 . 383.2 30.43
August 37.5 19.5 18.0 0.09
September 11.3 6.6 4.7 0:01
October 5.4 T 3.4 . 2.0 0.00
Total Transport 2035.2 516.7 1518.5 64.23

Export Coefficient 12.64 3.21 9.43 . 0.40
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Table 2.4. Mass of total phosphorus (TP), total dissolved phosphorus (TDP), fine
particulate phosphorus (FPP), and coarse particulate phosphorus (CPP) in kg transported
past Sakwatamau River study site during each month of the study and over the whole study
period expressed in total mass and mass per unit area of watershed (Export Coefficient
mg/m?). Note that TP does not include CPP. ‘

Month TP TDP FPP . CPP
April . 53.1 29.9 : 23.2

May 86._7 44.7 42.0

June 1265.8 181.2 ' 108‘}.6 _ 4.80
July 556.8 191.2 365.6 . 0.83
August 76.4 42.4 . 33.9 0.13
September 37.7 25.2 126 0.02
October . - 228 154 7.4 0.00
Total Transport - 2099.3 530.0 1569.3 5.78

Export Coefficient 7.47 ©1.87 558 0.02
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III. General Discussion

I‘n Lﬁis study, epistemologi_cal difficulties iﬁvolved in relating patterns with procesées
(Hart 1983) are apparent. For cxample, I have demonstrated that there are seasonal patterns in_
phosphorus (P) transport, a potential limiting energy source for stream biotic communities.
While I can speculate on how this influences functional feedi'ng group dynamics, the
predictions would involve too many assumptions to be useful. These assumptions include: (1)
P is in limiting supply to at least the dominant species or functional groups, (2) that P is
limiting at all times, and (3) it is possible to isolate the influence of P from other physical
factors such as seasonal temperature change. An enormous effort would be required to support
these aésumptions. Thus, the link between stream community processes and P dynamics is
largely speculative. Stream community ecology remains a young sci’ence although the prevailing
view is that abiotic variables (such as discharge) override biotié variables (such as inveirtebra:te‘
detritus processing) in determining stream community organization (Barnes and Minshall
1983). | | |

-The use of radioactive tracers has been important in discerning the role of P within
biotic and abiotic compartments within streams (Newbold et al. 1983). Thé cycling (spiralling)
of P includes three processes: (1) dbwnstream transport, (2) turndver length within the water
column, and (3) consumer turnover length. However, work needs to be déhe on metabolic P
requirements of stream organisms in relation to P availability and natural | variation ‘in
metabolic requirements. Also, the interactions of P in flowing water with the sedimefits_and
groundwater has largely been ignored in stream P studies.

.However, the detecu'oﬁ 46f patterns is a necessary step in the modelling of stream .
ecosystems. This study represeht; the first detailed study of P dynamics on coniferous
watersheds; all previous work has been done on hardwood watersheds (e.g. Meyer and Likens
1979, Newbold et al. 1983) 6r on disturbed watersheds (e.g. Rigler 1979). Major differences in

this study compared with previous work include the larger proportion of P being transported as

dissolved P rather than fine particulate P at low flows (e.g. 63% of total P transgort in October

43
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was in the disso‘d fraction) and the relatively limited importance of coarse particulate P
transport '( 3% of total P transport). Whether these differences can be at£ributed to differences
in wabershéa vegetation is unknown. As well, regional climatic variation can alter timing of i
storms, leaffall, and other factors that have a strong influence on P export.dynamics (Johnson
B et al. 1976, Meyer and Likens 1979). The models (Eq.1 and Eq. 2 whereby Q is discharge and R

is rate of change of discharge) 1 constructed for two streams draining coniferous watersheds

Two Creek:
InTP = 3.04 + 0.25InQ + 0.09(InQ)? + 0.12R (n=209, r=0.87) (1)

Sakwatamau River: .

InTP = 2.9]1 + 0.26InQ + 0.12(InQ)? - 0.09R (n=166, r=0.78) (2)

can be refined by testing data obtained from other coniferous watersheds that differ in climatic
pattc;rns. | |

The detection of patterns is also important on a regional scale for use";in management '
programs. For example, this study indicates that major P loading occurs durirfg storm events
wﬁich suggests that sampling frequency should be on the order of every few hours during heavy
summer storms in central Albérta. As well, daily sampling would be adéquate during spring
runoff and bi-monthly sampling would be adequate duﬁqg low flows in the fall. However, the
efficiency of this suggested sarnpljng regime is strongly deperident on climatic patterns and
year-to-year variation may be significant (Meyer and Likens 1979).

Current stream ecosystem models are descriptions of local patterns And ignore ecosytem

“stability (Webster et al. 1983). Stability can be "defined in terms of resistance (ability of

ccosystem to exhibit minimal response to disturbance) and resilience (rapidity with which an -

ecosystem responds once it has been displaced by a disturbance) (Webster et al. 1983).
Eventually, stream ecosystem models should be developed to predict biotic response to

. i
stochastic disturbances within the ecosystem based on the magnitude and duration of the-
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disturbance. The rapid return to pre-storm P export patterns exhibited by Two Creek and
Sakwatamau River following major storms would suggest a resilient ecosystem. Even though
there was overland flow 4nd bhysical alteration of the st.ream channels (uprooted trees and
streambank erosion; i.e. strong disturbance), these events only represent a short-term
disturbance (2 weeks). Two Creek and Sakwatamau River may not be so resilient to long-term
disturbances. Resistance was low in t'he wﬂ’é.t‘ersheds since stream dischargé responded strongly to
rain events. However, evaluation of re;istance and resilience is subjective at this point for

stream ccosystems. : -

I conclude that this study represents an important advance in the modeling of stream P
dynamics. Tt is the first model based on| detailed data from watersheds with the following
characteristics: (1) coniferous trees, (2) 3-5 m of glacial till overlying éedimemary bedrock,
and (3). climatic regime with strong summ‘r storms. The direct effect of eaéh characteristic is
unknown although the combined effect is i portant. Phosphorus tran;povrt was pulsed during
summer storms; 68% of total P‘export was transported during 12 days for,Two Creek. While
other studies on both forested and agncultura watersheds report stronger pulsing (e. g J ohnson
ét al. 1976) most studies report pulsing primharily durmg spring and autumn (e.g. Meyer and
Likens 1979). The P pulsing during early summer storms suggests a depleuon of P pools during
storm events and an accumulation of P on - s;dimeﬁts in autumn. The potential for retention
of P during autumn and winter in Two Creek and Sakwatamau River sediments suggests an

energy source for organisms over-wintering under the ice and in the sediments. Whether P

retention occurs and whether P retained is available to biotic compartments remain to be tested.
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IV. APPENDIX A: Taxonomic list of invertebrates collected from Two Creek and Sakwatamau

River using dipnets.

"ORDER FAMILY GENERA
Ephemeroptera Heptageniidae " Heptagenia
Cinygmula
Ephemerellidae Ephemerella
Siphionuridae Ameletus
Leptophlebiidae
Plecoptera ‘Taeniopterygidae Doddsia
" Némouridae Zapada
Chloroperlidae Utaperia
Perlodidae Isoperla
Perlidag Claasenia
) Acroneuria
Pteronarcyidae Pteronarcys
Capniidae
° Trichoptera Hydropsychidae Arcopsyche
. Brachycentridae Brachycentrus
Limnephilidae Limnephilus
Hydatopylax Wy ¢
Rhyacophilidae Rhyacophila -
Lepidostomatidae Lepidostoma
Theliopsyche
Diptera Tabanidae Tabanus
Chironomidae '
; Hemiptera Corixidae
Coleoptera
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V. APPENDIX B: Longitudinal transport of phosphorus
The study of material transport past one stream site yields valuable information about
temporal éhanges in transport and the influence of physical characteristics in the watershed on

. . .
transport dynamics. However, the measurement of changes in concentrations and relative

§ materials are transported downstream, can yield/l{lforrnation

On Processes occug
- (" W

;feam. Vannote et él. (1980) elaborated on these ideas and
- .

developeg am

:aITochthonous to ﬁutééhiﬁoﬁbuy sgufces of energy in higher-order woodland streams by
measuring photosynthesis and Tespiration rates as well as inputs and exports of organl:c matter
which supports the river continuum model.' .+ major implication is that downstream-
tommunities capitalize on _upstream processing inefficiencies and that - both upstream
inefﬁciencieg and downstream adjustments are predictable. General predictions of the river
continuum model were congruent with\ results obtained from analysés of longitudinal and
seasonal shifts in functional group abundance with concurrent changes in food availability in
Qregon streams (Hawkins and Sedell 1981) and in aﬁ Alberta_n river system (Culp a-nd Davies
1982). |
" The measurement of fodd availability includes the measurement of materials being
transported wiythin different size fractions. Food availability is _then usually related to the
density of animals at each site most likely to use that size fraction as a food source (i.e.
functional group); for example, shredders vs. coarse particulate organic matter. Thu}s, for ez;ch
site along a river, the {élationsh.ip between. potential food resoufce and invertebrate density is
known and can be tested against predictions from- the continuum hypothesis. The biggest
‘pr'oblem with this methodology is the lack of knowledge aboﬁt cause and effect. For example, is
a shift in abundance of a func;ional grloup a response to a shift in the size fraction of materials
being transported, or is the dxstnbﬁﬁgn of animals a result of changing substrate types? Is the

shift in size of materials being transported a reflection of different processing rates caused by a
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change in the abundance of a functional group? Macroinvertebrates are an important
component in the longitudinal linkage because their influence on the quantity and timing of
fine particulate matter transport (Webster 1983). The obvious approach to overcome rhis
problem is well-controlled field experiments that alter either f ood availability or abundance of a
functional grouo and meaéure the response within other ecosystem co,mponents. The focus
ﬁ;vonld be more on process than,pattern. ‘ = -
On August 4 and October 4 1983,. 1 measured phosphorus (P) partitioning at 9 sites
(plus 3 seeps which!are springs or small streams draining into the main channel) alonga 3390 m
section of Two Creek to see if it was possible to detect changes in the partitioning of P en route
downstream (Fig. 5.1). Phosphorus was separated into two srze fractions: total dissolved:
| phosphorus (TDP, <0.45um) and fine particulate phosphorus (FPP, 0.45um - 1lmm). The P
energy‘ pathway was chosen to test for changes in food. availability for two reasons: (1)
measurement of benthic ~bioma§s and transport of material is not ‘necessarily an adequate
estimate of food availability because food quality naries and (2) P can limit rates of detritus
decomposmon and aufwuchs production (Elwood et al. 1981) and thus may control rates of
energy transf ormauons
The two samphng dates are representative of | different seasons. On August 4, fiow was
on the falling limb of the summer storm hydrograph (2.0 m?/s) .'and‘coarse particulate matter
(CPM) transport was also declining (27.1 mg/m.3 at site 1). Air ano water temperatures were
10°C a.nd 13°C, respectively. Flows were much lower on October 4 (0.2 m3/s) and it had been
two weeks since the iast‘rain storm. Stréam transport of autumn litterfall (primariiy spruce |
needles) was high; concentrarion' of CPM transported past site‘ 1 was 16.5 mg/m’ compared
wnh 3.0 mg/m* of CPM transported past site 1 on September 22. Air and water temperatures
were 3°C and 4°C, respectively.
| On both dates, there were no sxgmfrcant changes in FPP or TDP concentrations as

streamwater was transported doWnstream (Table 5.1). However, both FPP and TDP

concentrations were lower in October than August (n=12, t=14.1, P<0.05; n= 12 t=13.0,
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P<0.05, respectively) probably due to lower flows and lack of suspenéioﬁ of fine particulate
: &

materials. As well, in August, there was no significant difference between FPP and TDP

concentrations (n=12, t=2. 0 P>0.05) but in October, TDP was mgmfxcantly higher than

FPP concentratlons (n=12, 1=10.0, P<0.05). » e
) .

The variability in P concentration between seeps was a surprising pattern that emerged,

\, Perhaps reflecting different origins of the seeps (e.g. groundwater .vs. bog) and distance

of water entering the streams via seep >“of due to a conversion of dissolved to fine particulate
material as reported by Meyer and Likens (1979)

These results suggest seasonal but no longitlginél Uends in Two Creek based on
measurement of materials in transpori due to: b(l) signifieantt differences in both TDP and.
FPP concentrationw between August and October, and (2) n‘o’dow,nstream change in eiﬁ;er TDP
or FPP concentration in August or in Oetober. Thus, 1 predict no change in frequency and.
abundance of funcfional feeding groups of 'invertebrates along T“_ro Creek. However, I predict a
seasonal shift from collector-filterers in August (Cummins 1974) to a community comprised of

_bacteria and other decomposers in October. These predictions ignore the Aavailability of benthic
food. However, these results suggest that invertebrates do not have; a large role in transport - ‘
dynamics. .

The first predictions that functional groups would not change in a longitﬁdinal gradient
appear congruent with ue’nds observed in low-order streams in the southern Appalachian region
where macromvertebrates accelerated the turnover of particulate matter so that by the end of
the summer there Was %ﬁlost no partlculate material left in the stream (Webster 1983).
H‘?wever, I postulate that in ATwo Creek the greater amount of particulate matel_'ial transported
.;du_l_“ing_ summer as compared with au;umn ‘was due ‘prilmarily to higher flows and not

in\iei'tebrate processing. I suggest that in T"wo Creek, P transport and processing were more
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similar to patterns observed at Hubbard Brook (-N%w Hampshire) where macromvertebrates do:
.not appear to have a srgmfrcant role and large zlmounts of detrrtus accumulated and were
-susceptible to transport durmg major storms (F 1sher and Likens 1973, Meyer and erens 1979).
. The basis for this suggestron is the strong pulsmg of fine partlculate material during stol/&‘
events in Two Creek (Chapter 2) which is different from Hurricane Branch where strong
pulsing of particulate matter_vras absent (Webster 1983). A

Thus, I suggestthat abiotjc rather than biotic factors have a dominant influénce on the '
partrtromng of P transport To erther support or refute these predictions, the f ollowmg work

needs to be done (1) quantrfymg the volume as well as the P concentration of water enterifig

the main streﬁm channel via seeps, (2) quantifying abundance of ‘invertebrates and categorizing

them accordmg to functronal feedmg group, (3) measurrng standmg stock of detrital material
V-w \3 '\’d

durmg all seasons, (4) quantrfyrng rates of invertebrate detrital processing durmg all seasons :

and (5) addrtron and removal expenments of both mvertebrates and detrrtal matenal
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Table 5.1. Fine particulate phosphorus (FPP) and total dissolved phosphorus (TDP)
concentrations (mg/m?) of streamwater at twelve different sites along Two Creek: site 1 is
the main study site. <

)

e e |
b } T T
e " "AUGUST 4 .+ OCTOBER'4
c§®E . FPP | TDP FPP TDP
I " 109 126 3.9 9.8
S 13.9 11.7 3.9 10.1
w0 U3 T seep 2.5 "195 7.8 10.1°
Bhoan 12.4 11.9 4.7 9.4
IR, S 114 - - 126 6.6 8.8
b 6 4 30 122 59 8.9
. 7 seep 18 8.7 0.6 7.8
.8 ~10.9- 12.3 5.7 8.3
9 11.5 ‘12.2 5.8 8.0
10 seep : 4.5 10.0 3.2 6.7
11 : M3 123 5.2 W 8.2
12 10.8 126 4.3 8.9
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V1. APPENDIX C: Figures of Sakwatamau River and Two Creek data not included in Chapter II

and cluster analysis dendrogram for total phosphorus loading in Two Creek.
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YII. APPENDIX D: Physical and chemical data collected from Two Creek and Sakwatamau
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/j"A .Table 7.1.‘ Precipitation data collected from Apri1~Sexr)tember., 1983, at Eagle. Lookc
(Alberta Forest Service firetower) located on the northern edge of Two Creek watershe

~

©on

o
!
: Daily Maximum Averége Daily Total
Month ‘ (mm) - "(mm/day) ‘ (m‘m)
April B 50 | 0.25 16
May, A I8 S 1.58 S 491
June = ' 67.3 ' - 855 oL 2561
July o ;9 684 a2
August 25.4 , 1.23 381
September , 11.0 n 198 595
Total * 6229
y o

70



B0 st |

Ny

N R

pue pouad Sundwes Y3, 10) (S/,w) 283eydsip a3eiaAr § X 113A1Y -NEWEelEMyES Pue 33313 o

. . o - . : v
. & . i : B R . . . N -,)v
- - ”, . - . . -
. ¢ N " N !
v H ) R . r:. 3. . ,ﬁ w : . ] . , ,
: . < R .. < 2
v . . . . 5 : ! X
- .‘/. . ’ - . . -
. R h o 2 . )
. . . ‘ - ) ) o ) . \
61T=1 N D & OISTE=L . S61=X .
c %9¥ ST RS 2 . we v $81°0 1290100
7L U sest . B Sl %91 siw 900 saquiardag
. P K - oA . K . . . ) . . c T ° L .
% L'0T . LLLg o't _ L wam . . 6€91 Lo uvet - sisny
L A R i oty g T9zET BN (T 2NN . Anr
T 3sw pSPIT 1 R T S (25 © eunp
Y T poge 1 S N AR = T 060 ke
% 8¢ 6T ~ 678'1, - %TT T . e = §75°0-. qudy
e ] LA : . : . . \\.. L
?EmE - (57,wn) om._m:u\ﬁ e % (cwep) ?\,Ev owumcueo ~ 7
[e10] jo g’ a81eyosiy [pioL zf:é < o : mﬁssuﬁm {e101 bﬁcoE 532 . ..
. . YAAN NVAVLVMNVS o ST zmmmwof - ) L
. ¢ I»J s . . .’r ST . . 1 ; . )
- : L . , ~ ’ ) -
) N e L T ’ l ) o Co ‘ . : 5

R . . . . . o

“pousad Fuidwes ay) uo.« (:wep) um:EumG
.5. Su e1ep adreyosip 82 ‘8 b«EE:m UL dqey

>
)

- o o . . T .
um . . e - -
. . ' 1
\ ° ‘ - ¢ * -
N 4.3 4
o . ’ N . ’
. o .




; :

. u . : , . ' :
Table 7.3. Two Creek g#d Sakwatamau River pH data collected during 1983. i

w ot

rr

n Sakwatamau River Two Creek - -
T ' ' : e
w , , o ‘' h
A 8.0 8.0 - ;
8.3 8.3
gy - ) X
»\ ;,,"‘;U K
~Segtember 6 Co -
. o €. W )
Foo Ce T . ‘r,‘:‘
@ %  September.22 SN
N ' B . ‘
S October 1 ,
oo o L e B . .
o .~ QOctobeF 14 - &
e - S : -
. . ) B 0 T . -
S, . e LT o v, B A . - N
EIE © Mean (SD) 8AL26) ...
v.‘.; 3 , \'& . " ‘,r . y‘ . ‘5 .
.}& ‘,‘)‘ . . \;. ,’) A -
) v '
3, - A - ”S o, v
&u’;“:}\ <, ) ‘ ‘: @ . ) i
- ‘ = . . '/, g ‘
; - :,é .\(Q; \
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Table 7.4. Average nitrate and mtrlte nitrogen (mg/m
and average total nitrogen (TN; mg/m’

concentrations as well as total nitrogen to total .
phosphorus rauos (TN TP) for ,Sakwalama

’) average Kjeldahl nitrogen (mg/m?),

u River and Two Creek during 1983.
] BN
w N Y: . L N :
Date - Steam: ' . Nithte + Nitrite Kjeldahl - TN - TN.TP

 fMay 27 Sakwatamau R1\7ér
. L ’ “c}" :

IR s )

Two Creek,) oo ’ 1".9 ¥
"’t . Dﬂ“ ! . -
o e !

oA ~ B ‘ ‘ -~ ey ,' . & .
: August\i .Sakwatamau River,. - A Wi 2.4

e

4582 460:1 .247
4953 4956 | gﬂ

u

()

603.4 - jéo_s.“s_ T

) ’ . ¥ (\ .
. - . iy -, . \ v
’ W -.’\' ~ R - - J“"::"»h1 , .
% % Two Creek 3.2 w5 Q 766 1 @69.1 20026 4
. L E S 4
| ‘ - ‘ﬁ\:f k9 ' - C’ ‘" v
Tl 8 = ﬂ’ @ P YN oo . . R _\J g R
) V' e ) 7 g
. Hgy S
- : »
= E7 N

be
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Table 7.5 Cation (sodium, potassium, calcium, and 'ma

74

gnesnum) and anion (total alkalinity as

CaCO, vicarbonate, chloride, and sulfa .ycentranons in ‘mg/L from samples collected ~
from ‘watamau River.and Two Gree An-A ;"’" t3, 1983 b S
.’» / . @ . ‘J,
[ - Y
;"’",Ion Sakwatamau River - Twc; Creek
Sodum ¢ .4 5.7 T
Potassium * 02 Y02 o
Calcium - 341 - RGN 7 5 S
3' . ‘ .4‘1,‘ . ' . ) . "‘P};’jw-*l
Magnesium L 89, 81 ! e
§ o e : . & . .
CaCo, 743 N 656 <. . .
: . e ¥ e T ' 0
Bicarbonate * . . . = 906 ° : Y800
Chloride Y 010 . 009
F S_u}fate',} . 0.7 _‘ C N . 0.6 >
| - o a7
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Table 7.6. Maximum instantaneons,discharge (Q; m®/s), mean daily discharge (m3/s), ;ail'jd ‘
total annual discharge (dam®) for an eleven year period (1973-1983) collected by Environmeht
Canada at the mouth of Sakwatamau River near Whitecourt, Alberta.

" Year Maximum Q N Mean Daily Q TotalQ
. ‘v}":\ : . [ - )

1973 65.4 June 17 8.1 © 174000 e
o N o ) - . .
1974 80.1 . April 30 : 9.6 . 205000

1975 1010 June 28 6.8 . 144000

1976 583 August 18 9.6 | 204000

1977 101.0 . . May.30 | ‘1.4 231000

S ;1978‘;_;,& 8 ;wls%,_,_ T2 s | 155000 ,
B U7 | - Cuy L1420 L 3010007,

1980 . 345 May 28 *© 7.1 "151000" -

198l 501 Junel - . .42 . - 98600

1982 516 August4  °. 6.8 , T143000

v (\\) ’ ’ o .
: 1983 92.6 June 26 74 Ted000 i
S Mean =~ +® . . T6 © 179145 -
. = - ]
o ~ "
‘ '. - -~
I .
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Table 8 continued
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