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ABSTRACT 

This study examines the impact of snowmelt 
transfer from the terrestrial to the aquatic (lake)' 
tic catchment 6 km WSW from Schefferville, Québec. 

runoff on nutrient 
portion of a subarc-

Statistically significant differences in snow chemistry were 
recorded among the tundra, wood1and and forest snowpacks. Significant 
over-land scouring of nutrients from the organic horizons were recorded 
in the tundra, woodland and forest. A calculation designed ta generate, 
on a daily basis, 70% of the meltwater from the terrestrial catchment to 
thè lake indicates overland flow is a predominant route of mel twater 
during the spring. Deuterium/hydrogen measurements alded in detertirl.ning 
mixing of snowmelt and lake water. The data indicate snowmelt water is 
undistinguishable from lake water at depths greater than 1.0 m. 

It Is concluded that snowmelt runoff is an important event for 
nutrient transfer from terrestrial ta aquatic systems in this environ-
ment. 

Cette êtude examine l'impact de l'ecoulement de la fonte de neige 
sur le déplacement nutritH de la portion terrestrielle à la portion 
aquatique d'un bassin hydrographique 6 km ouest sud ouest de Scheffer
ville Québec. 

Des différences statistiquement importantes en la chimie de la 
neige sont enregistrêes dans la neige tomMe de 14 tundra, de la région 
bois€e et de la forêt. Un écoulement important ainsi qu'une chasse 
d' eau sub~tantielle d'éléments nutritifs "de l'horizon organique fut 
enregistré~ dans ia toundra, la région boisée et la forêt. Un calcul 
journalier dé'signé à engendrer 70% de l'eau de fonte de la terre au lac 
indique que l'écoulement est une route prédominante pour l'eau de fonte 
durant le printemps. Les données ind.iquent que l'eau de fonte est 
indistinguable de l'eau du lac à des profondeurs plus grandes qu.~ '1.0 
mètre. ~ , '. .,'""'~ 

Il est conclu que l'écoulement de la neige fondue est un événemebt 
important dans le déplacement des éléments nutritifs de la terre aux 
systèmes aquatiques dans cet environnement. 
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CONTRIBUTION TD ORIGINAL KNOWLEDGE 

To my knowl'edge this is the first study examining the impact of. 

snowmelt runoff on nut~ent transfer from, subarctie terres trial ta 

.aquatic systems during spr gmelt. 
,.,': Il 

Specifie contributions 1 within ;:the study, inc1ude; 1) an evaluation 

of ,nowpack Chem~"--~~tiC catchment, 2)' physica'l factors 

influencing the 'runoff pr~s at SP'l.ngmelt within the snowpack, 3) the 

impact of snowme1t runoff on nutr ent transfer from terrestrial to 
\.1' 

J 
aquatic portions of a subarctie eaV~men,t, and 4) the ~hysical mixing of 

, '.. 1 / 
. , sJUlwme-:l:'l:W?-ter with lake water. 

~ ... çontrary to reports in the literature the vegetat~on in the study 

catchment had minimal impact, upon the snowpack nutrient mass. Though 

statistielt1 differences occur among the tundra, wood1and and forest 

snowpac

7
kS the ee010gi~al s ignificance of thase differences 

minima.} . 

is probably 

The heterogenei ty of the snowpack due primar 11y to differenc~s in 

<-

the dens,ity of the stratigraphie layers resulted in downs1ope diversion 

of meltwater to water bodies. Though this volume may be minimal the 

timing of this diversion flow is critical in terms of snowpack elution 

-- ' 
for 'it ls during the early melt when the greatest amount of exsol vlng of 

nutrients oeeurs. Diversion of this early meltwater will reduce the 

physical and chemieal interaction with the organie hodzons at the base . ....----., 

of the snowpack •. Diversion by weIl formed iee layers is reported, but 
v 

not by snow stratigraphie deosity differences. There has not been aoy 

research reporting the f10w patt<8rn of' meltwater within a 

/ 
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• ',< 

0,' 



l' 
1 
) 

( 

· ' 

iv 

subarctic snowpack. Snowmelt runoff plots estab1ished within the 

tundra, woodland and forest plant communities enabled the recording of 

the chemical interaction of snowmelt water and the organic horizons 

above the frozen mineraI sail. Ta t,he author' s knowledge this method 

has not been uàed ta record this interaction in the arctic, Bubarctic or 

temperate regions. -Very significant scouring of nutrients was recorded 

in' the three plant communitles during springmelt. 

Though deyterium/hydrogen has been used as an effective tracer of 

groundwater contribution ta stream flow, it has not been used as a 

tracer of snow meltwater mixing in aretic, su~arctie or temperate 

lakes. ' Substantial retention of terrestrial source nutrients wi thin the ".,.. 

lake "'as recorded during the 'sprlngmelt. Mass balances of thls nature 

have not been examined in subarctie lakes. 

This st.udy has demonstrated that in terms of nutrient mass transfer 

from terrestrial,.jto aquatie portions of eeosystems during' the spring-

melt, the subarctic 18 a~bstantially different than the temperate 

reglon. / 
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CHAPTER 1 

INTRODUCTION 

1.1 Thesis Outline 

The introductory chap,ter define~ the' hydrologlcal differences 

between temperate and subarcti~ ecosystems as they relate to springmelt 

runoff. In this chapter, the simple point is made that littie is known 

about the transfer or reten~ion of nutriénts in subarctic systems duting 

snowmelt. By comparlson much ls known about the interactions of 

meltwater and the terres trial catchments in temperate-zones - mainly as 

a result of 'recent interest in the ecological impacts of acidic snowmelt 

runoff. In chapter l, hypotheses are presented regarding the transfer 

and retention of nutrients within ,subarctlc ecosysc-ems during spring-

MeU. 

The second chapter examines' the study area near Schefferville, 

Québec. As weIl, the field methodology is discussed and the laboratory 

'procedures used for water'analyses are listed. 

Chapter 3 presents the snowpack hydrological data. The spatial and 

temporal variation of snowpaak strat,igraphlc layers is examined statis-

tieally, both within and between plant ~ommunitü';s. The water equi~-

alence survey at peak snowyear ls presented along wit'h the 'occurrence 

and spatial di~tr1bution of concrete frost. A calculation designed t6'. 

generate snowmelt runoff water downslope ls described and utilized to 

predlct the daily flux of water to the lake. ,. 

Ch.apter 4 examines the spatial pattern of nutrient concentration 

within the snowpack and the dairy flu~ of nutrient mass from each runoH 

plot. Diversion meltwater flow,within the woodland and forest snowpack 

" 
" 

" 

", 

/ , 
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are discussed. as the y relate to nutrient· discharge from the snowpack. 

The daily pattern of scoured nutrient mass and concentration in the 

woodland and forest snowpacks are discussed. The significance of this 

scouring 18 postulated. 

In chapter 5, mass balances are' constructed for the runoff plots 

and for the entire catchment. The yearly mass balance for total pho~-

phorus (TP) i8 calculated to determine the relative importance of the 

'~~t contribution to the lake. Comparisons are drawn between the 
.-,:' "------------. 

temperate and SUblljCtic regions. 

Chapter 6 ejamines the degree 
, 

of mixing of snowmelt water and' 
/ -

/ Two approaches are used: 1) the st,able isotope ratio 

differences "~n deuteriwn and hydrogen and 2) predicted littoral zone 
" '. 

iake temperatu~è~ given sol~r radiation and calculated volumes and knQwn 
, \", 

,- temperatures of. sn:b~elt water entering the lake on a daily basis. 

\~ . 
The final chapte\ summarizes the results, presents the conclusions , ~ 

" 
, and 'makes suggestions for, future study. 

'\~ , 
" 
\ ... 

"<\~ 
, 
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Hydrologieal aspeets of sno~èlt runoff ,in temperate and subarctic 

regions 

studies 

eh of thé eurrent intèrest' in snowpaek and snowmelt hydrology 

s stemmed directly from the r~search, and'resulting literature 
" , ") 

dealing wit the routing and impact of environmental contaminants--
( 

p'rineipally ae die precipitation--in and Qn land and lake ecosystems 

(for examp1e Rennie, . ~978; DraQlos and Tollan, 1980; Hutchinson and 

~ava~, 1980; Harvey ~ al., 1981; Overrein ~'al., 1981; Bobée ~ al., 

1982 artd 'D'I'trl,. 1982). These studles have examined. the snowmelt pro-

cess in temperate regions, where, as a rule, snowmelt water infiitrates 
t 

the soil mantle during melt periods. Overland flow during snowmelt 

,occurs rarely in ,temperate regions;. wl).ere it does, it is restricted t'O: 

1) areas where high water, tables result in partial area or saturated 

overland flow (Dunne et aL, ~97 5) or 2) areas where the infiltration 

. eapacity of the soil is exceeded by the snowmelt runoff intensity. This 
l , 

.latter point 18 termed Horton overland flow, the' definition of which 

will .inc1ude sops affected by conerete frost ,(defined by Trimble !:l 
, , 

al., 1957) ,and areas where midwinter thaws and s~bsequent f~eezing temp-

eratures have resulted in the fQrmation of an impervious iee cover over 

the ground caver thus facilitating full or partial overland flow during 

springmelt. Priee ~nd Hendrie (1983) report limited occurrences of this 

latter' example at Pèrch L~ke, Ontario. 
1 

.> ' Bob€e ~ al. (Î982) report wldespread overlànd flo~ in the temper-

ate region of Québee during the 1980 springmelt. They attribute 'this to 

an unusu~lly thin snowpack formation and the assumed (unmêasured) OCGyr-
, , 

rence of eoncrete frost. Concrete frost fomnation 'in southern Québe,e is 

thought unusual as sufJieient ~now falls (Hyd,rologieal Atlas of Can~da 
'} 

\ 
\ 
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1978) to form a snowpack .c.apable of !,nsul.ating the ground beneath. 
" 

Na iman , (1982) reports that snowmelt in, th~' ~oisie River watershed, 

Qu~bec. percolates into the soUs. Reports of Horton over1and flow in , 
~ 

" temperate reg"ions al) indieate the pr~cess il;> of minimal, importance 
0' 

during snowmelt periods (Wright, 1976; Likens et al. 1977 ; Siegel, 1981; 

Price and Hendrie, 1983; Verry, .Pers. Comm. 1984). 

The pattern cof snowmelt runaff in temperqte regions contrasts with 

snowmelt in the subarctic where concrete frost is mor~ common and infi1-

tration of sno~e1t water is rep,orted to be reduced to insignificant 
. , 

proportions of the total snawpack water .. equivalenee (priee, 1975; 'Fitz-

gibbon, 1977). Three other major factors differentiate the snowmelt 

process in the subarctic from t~at occurring rn the temperate regions ta 
~} 

the south: an abs ence of above freezing temperatures and ~ainfal1 
• 

during the snowyear and a 'large Pl:opottion, approximatèly" 50%, of th~ 
, 

annuaI precipitation .is snowfa11. In~the temp~r~te region rainfal1 i8 , . . 

coll1DjO~ during the springme1t and thaw, events, occur 4prio~ , to ,sp,ringmelt 
, , 

(Hendrie, 1984;· Scheide~ et al., i 984; "Semkin et ai., 1984). . , ... e__ , __ 

1.3 The hypothes:l zed impact of mineraI sail imp'ermeability on snowmelt , 

runoff eh~mistry. 

It 1s hypothesfzed thaf the physical aifferences governing ~noWmeit 

runoff pathways in temperate and 'subarctic tertestr1a~ eeosystems will 

be reflected in th.e snowmel't runoff chemistr:y.. For' examp1e, f"et'ention 

of nutrients recorded on the terrestiial portions of temperate sys~ems, 

partl~ularly phosphorus (P), w~l1 not, apply in the subarctic. Models 

concerning nutrient dynamics 1n catchmerits derived fram data collected 
, " 

,in 'temperate systems should' be evà.1uated in light of the physical dif-

, . 
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ferences that occur before application to a subarctic ecosys em 1s& 

made, Chapin et aL (1978:190) state that "the funetioning of na ural 

(suoarctic) systems will not be understood' until the factors regulat ng 

movement of 11miting elements thrQugh these systems are elucidated". 

1.4 Atmospheric contribution of P and N to aquatte and terrestrial sys

tems in the temperate and subaretie regions. 

')n the temperate climatic re?ion lt ls reported that the atmos-

pheric contribution of P and N (the principal biologically important 
---

nutrlents) Is the pr.imary external source of these nutrient.s to ter-

-
restrlal and aquatlc systems (Schindler ~ al., 1976; ,Lik~ns et aL, 

1977; Scheider et al., 1979; Se_mkin ~ al., 1984). It Is assumed from 

reviewing the literature (Dugdale and Dugdale, 1961; Haag, 1974; Chapin 

~ aL,' 1978; Moore, 1980) that
o 

the a tmospheric inputs of P and N .in 

more northern regions ineluding the subarctic are very sig~icant ,as 

tbey represent the only major incoming source of these biologically im-

portant nutrients. Exceptions to' this for P may be fpund where sedi-

mentary bedrock dominates watersheds. Dillon and Kirchner (1975) report 

total phosphorus (TP) export figures of approximately 0.11 kg ha-1 yr-1 

-for f6rested watersheds underlain by sedimentary rock; these figu~es can 
~ . 

exceed the repor~ed bulk atmospheric deposltion of TF especlaIly in more 

northern regions. Table 1-1 lists annual bulk a tmospheric TP loading 

for temperate and subarctic sites. 

In the subarctic: the low mean annuai temperatures equate to low 

, 
productivity in ecosystems, both. terres trial and aquaqc. As the grow-

ing season is réduc'7d, decompo$ition rat~ ~re lower· (Noore, 1981, 

1984; Douce and Cr:ossley, ~982) and the mass of biologically important 

a 

l' 
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Table 1-1. Annua! total atmospheric deposition f~elect~d sites 
temperate and ~ubarctic climatic zones. (Kg • ha-l.yr-1 ). 

TP Ca 2+ Mg2+ Na+% ~ 

Subarctiê (Québec) 1-
.052 2.57 .60 3.34 1.49 

Subarctic ( S~eden)2 .055 nd nd nd nd 

Subarctic (Alaska)3 .012 nd nd nd nd 

Temperate (northwest Ontario)4 

" 
•• 327 3.80 .90 1.60 1.10 

Temperate (central Ontario)5 - .208 9.90 3.80 1.27 .94 

Temperate (Minnesota )6 .• 137 
,! 

2.75 .43 .72 .74 

Temperate (New Hampshire)7 .306 Z.20 .60 1.60 .90 

Temperate (southern British Columbia)~, .250' 3 t 70 3.0 11.0 2.50 . 
(central OntariQ)9 

-
Temperate .41 6.75 1.02 4.02 1.59 

Temperate (northern Ontar~o)10 .p'9 1~.l2 .84 nd 8.09 

1Moore (1980) 
2Likens et al. (1977) 
3Chapin et al. (1978) 
4Schindler ët,a!. ~1976) 
5Schindler and~ighswander (1970) 
6Yright (1976) 

JLikens et aL, (1978) 
, 8Scrivner(I975) 

9Sc heider et al. , (1980) 
~OJeffrles and-Semkin (1983) 

ln the 

N03-

.14 

nd 

, nd 

1.71 

, nd 

nd 

nd 

nd 

3.47 

nd 

" 

.;-':;/ 

.~. p,. 
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and availab~e nutrients is Iimited. Moore (1980) states~that between 20 
" 1/( ' • 

and 60% of .the macronutrients in the organie portion of the eastern sub-

aredc terl-estrial ecosy.stem are he Id within the sail organic matter. . ~ \, ~.., 

!J 
The slow decomposition rates result in 'very ollgotrophic systems •. 4 

The contrib1!'$J.on of the snowpack to ~the nutrient budget of sub-

1 

arche eco~ystems represents a substantiâl. potent:lal source of nutri-

! 1 ~~. 

ents. Que to the reported impermeability of the mineraI soil the large 

pot~ntial source of nutr1ent~ may bypass the terrestrlal portion of the 
.c 

catchment and enter streams, lakes or bogs. The land' s 10ss -m;y prove 

,the aquatic systém's gain. This of course will .De a function,- in the 

case of lakes, of the degree of mixing 'oogoing wlthin the lake' during 

the melt 'period. If, as recorded by Bergmann "(1982) in an arc tic lake 

near Baker Lake, N.W.T., the meltwater diseharges across the lake sur-

face without significant mixing, 'approxlmately 50% of the annuaI- atmos-

pheric contribution of nutrients will be essentially lost to the eco-

system. If the mixing of meltwater with the lake ls pronoul}ced, the 

addition of biologi!:ally important total dissolved phosphorus (TDP) and 

N03- would increase the p'rimary 'productivity of the aquatie system. In 
,1 

the temperate zone, Schindler and Nighswander (1970: 2021) report ,that 

"the major rejuvenation of yearly nutrient' concentrations' in Clear L~ke,o 

cent'r~l Ontario appea~ed ta, occur during the period of· 'snowmelt ·tn ~he 
'. " ' " .. - , ~.1 

sprinii' Jeffrie,s ~ al. • .(l1H) teport '';~ mixIng oL spr1ng~lt w.~~r 
may ex~end to several ,Metres in depth in Canadian. Shield lakes in' the 

\ 

4 

tempera'te reglon. The controlling factors are the 1ntensity of melt, 
, ~ # ~ 

J, 1 ~, 
tPpogr~~hy of the terres trial catchment, bathymetry' of the aquatic 8ys-

, 1 0 

the_det of 

-- . 

", 
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.. 
the water content" :;'and water level' of "the 8011 and groundwater 

" respectively. 

, 
1.5 aTransfer ,of' P and N .from terrestrial to aquatie syst~ms in temper-

ate and 8ubarctiè regions. 
, , 

Det~rmination of the potential diJferences' in the transf,eT of P and 

N, from land to aquatte systems between temperate and subarctic r:egions 
~ 

a~ spring melt 'is 'difficult because within. Othe te1I1perate ecosystems 
" ' 

,there appears ta be contrasting results for bo't,h p, and N. The impact of 

accumulated winter precipitation ,on t,he 'nu t,rient budgets of températe 
, . 

systems· is n'ot weIl investigated., or at least not ~ell reported, as 

annual rather than seasonal budgets' are usually considered. This is 

especi,al~y true for P. Due to the great in~erest in the acid shock of 

snowmelt runoff ta aquatie syste~ in the spring (Gunn and Keller, 1984 

and, others)" NQa-, as a dissociated by-product of HN03:- has been the 
, , 

subject of more intensiv,e reported, investigation CS,choUeld, 1977; 

Glover .!! al., 1980). 

Potentia1 retention, of ,1' by soi1s 'h very high as it· can 'he 

absorbed by, microorgan and adsorbed by' so'il eolloids. !ts 

bonding affinity ta so'il' coll 4( ~s reported1y very' strang especially 

at '10'07 pH (Johnson and Cole, 1977); in addition' P can precipitate with, 

Ai, Fe, Ca2+ and other cations (Bear, 1967; Hesse, 1971) and ,thus becon'le' 

, 
immobilized in the soil. Gorham and McFee (1980) state that the forma-

" 

tfon of secondary mineraIs effectively reduc~s the leaching of P to ~ 

aquatie systems. The data gathered during springmelt at' two sites in 

the temperate region of the Canadian Sh:1eld tends te> confirm the ter

res trial portion of thé èatehmÊmt 1 s hig~ affinity for· P (Sehindler, et 
, . , 

t 

). 

1. 
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.!!., 1'976;' Wright, 1~76)., 'L1ke~s et aL 0977') 'report t'hat dudng the' 

springmelt, the P input to the system èxceeds tnat recorded in' stream 
~ , 

runoff in the -White Hountains of New Hampshire; 

Le'oriard et, al. (~979), Lewis and Grant (1980), Vér.r:y and Timmons 

(1982) and BjHrnborg (1983) a11 report' substantial flushing' of _P during 

the sprin~melt. With exception,of the work of Ver'ry and'Timmons (1982<), 

the res,earch lis te~ examined 'Sprfng hmoff in mouatainous areas wher!,! 

t1'\e slopes of the catchme?t are steep, 9011 not we~l formed and the melt 

is very intense. ,Bj!lrnborg (1983), attributes the elevated P levels in 

streams in northern S'weden during the spring' to the erosion of soil: 
\~ 

particles into ~treamw~ter. Verry and Timmons (1982) state that spring-
v' 

melt flow is restricted to the 0 horizon in the upper po!tion o,t,' a 
\ 

càtchment in, the Harcell Experimental Forest in norther~ Minnesota. lt 

1~ suspected that Infiltration into the! and B nort~ons bcc~rs as Verry 

'(Pet:s. ,Com1!l., 1984) 9tat~s that' inf.iltration of snowmelt water into the 

soil'occurs in this region as overland flow is re~tricted geographically 
, ' 

'to very smaU are~s. ' 
, ' 

Studies examining N03- mass balance dudng spr1ngmelt on terres":' 

trial cat;chments in the témperate- .region ~re limited in numbet':. Though 

, - , 
annual' mass bafances are weU· report,ed and indicate without éxceptton 

the l\e-t retention of a'tmo.spherlc source N03- by the land (for ex~mpleJ 
\ 

, Schindler ~ a1., 1976; Wright, 1983) t~e patt~rn dudng the meit perioli . 

i8 not as clear eut as that reporte-d ~~ove f~r P. 
\ 

From the avai1àbIe 

literatuÏ'E: conlf~rous forests or fOI1ef}ts wi th- a sign.ificant coverage of 

coniferolls trees appear: ta have adopted strategies for reta~ning N03-, 
d\1ring apring melt. Of the nine studies repQrting net retention of 

. sn~wpack and spring precipitation source N03'- 1 seven occur in terres-' 

• 
1 

/, 
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tri'al cat'chment8 wlth· éither 'coniferbus, trees or' a -dominant' coniferous/ 

subdominant deciduous tree forest (Leonard et al., 1979; Martin, 1979; 

Skartvist and ,Gjesslng. 1979; Glover ~ al., 1980; Cadle ~ al., 1983;' 

Çhris tophersen et al., ~ 983") .. 

In certain streams flowing int~ Harp ,Lake a 1argely decidu~us 

forested catchment in c,.~'lltr81 Ontario, Jeffries!E. al. (1981) report de

'c-reasing" N03- concentrations' through the springmelt period. Ve.rry and 
1 

t.J r ", 

TilllDlons (1982) report. net N03- retention in a deciduous forested catch-

ment in northern Minnesota. Storgama, a smaii Norwegia~' catchmept with 
• ô 

mixed" c-oniferous/ deciduous vegetation does not retain ~ny of the sn6w-

pack-source N03- infiltrating the ground surface (Christ~pherseq~' al., 
, ' 

1983). 

l{et loss Ç1f N03- dudng springmelt 
. 

occurs it:t only two reported 

studies. Hornbeck and Likens (1974) examined spri~gmelt in s deciduous 

forest st "Hubbard Br?ok Experimental Forest in N~w Hampshire and report 

net flusMng of N03- o,ut of' the terres.trial portion of the catcnment 

abo\te that determined i~ the' snowpack. 

, The pattern. of ~03- movement durfng spring in the Hubbard Brook 

Experimental Forest (~ikens, ~ al., 1977) suggests' that the flushing ,of 

N03- from the hardwood deciduous c,ltchment eases in the late spring when 
, " 

, . 
the 'vascular plants ~egin to grow. The observation is essentially thé 

same as that reported for a hardwood-deciduous at Turke}' Lakes Watershed 

in northern Ontario by Foster (1984) and Semkin!E. al. (1984). Gunn and 

Keller (1984) state t,hat in a northern Ontario coniferous-deciduous 

(subdominant) forested watershed the nitrate, oHginating from the snow-

pack is initially flushed through the system', that discharging during 

\ 
\ 
\ 
\ 

\ 

, . 

~r .... .J.. ___ -Ioo ......... _________ _ 
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the làtter portion of the melt is retained within the terres trial catch, 
ment due to biologieal utilization. 

In tundra sites in Norway, Seip et al. (1980) report that the N03-

from snowpaek melt is initlally retained by the tundra then, during the 

,latter portion of the melt the remalnlng snowpack-source N03- 18 flushed 
\1 

out of the system. 

The s~rategy which enables the reported coniferous forested sites 

to ,retain snowpack-source N03- during the melt period May be attribut-

able to microorganlsms' in the organic horizons of the soil profile • 

.r Moore (1983, 1984) reports microot;'ganlsm activity in the organic hor-

izons of 8ubarctic podzols durlng the snowyear as significant decomposl-

tion of first year lit ter occurs. lt Is possible that in the nutdent 

11mited conditions of temperate cOl)iferous ~orests, soil microorganisms 
û< ' 
May absorb snowpack source N03- ~s it inflltrates in~o tre soil. Sinee 

N93- has a poor adsorbing capaci ty to soil colloids and can be displaced ~ 

(Johnson and Cole, 1977), .t.he latter 

\' , , 

• reported to he the dominant anion in winter precipitation (Scheider !!. 
. -

\ 

al., 1980), the only other means of retention within the soi1 other than 

, organic uptake ia sp~cific adsorption to Fe and Al (see Johnson and 

Cole, 1977: 14). 
\ 

.6 Conceptual model of P and' N transfer, fram terrestrial ta aqu8.tic 

. 
portions of a subarctic ecosystem during springmelt. 

The potential interactions of snowpack-source P and N with the ter-

rest ~al catchment in the temperate region provide the basis of a con-
\ 

ceptual\ model of nutrient transfer duri~g springmelt in the subarctie 

<;. 
where it i8 reported infiltration of meltwater into mineraI soi1 on 

\ 



- 12 -

slopes. Is very minimal. Effective seal1ng off pi the solIs ta lnflltra-

tlan may affect the transfer of P more sa than N bec~use ,of the differ-

entiai bond~ng potential of P043- and N03- to sail colloids. Relativèly 

speaking the mass of snowpack source P being retained within - the N-

limited subarctic terrestrial system (see Moore, 1980) may be relatively 

1 

less than the N retention. The strategies adopted for ret~ntion of N037 

by more southerly temperate coniferous forest so11s may be assumed t·o, 
, . 

a~ply.to subarctic soils low in avai1able N. Though the N retention in 

,the coniferous temperate forests reported above has been attributed here 

. to microorganism activity in the organic layers of t~e, soil the- possi-

bility of adsorption to Fe and Al in the B (1l1uvial) horizon exi'sts 

(JOhnson and Cole, 1977). A possible argument in' favour of 'microbial 

absorpt:i.'on Is that in a podzol soil ln a hardwood forest at' Turkèy 'Lake 

Watershed in northern ,Ontario infiltration of, meltwater through a weIl' 

defined B horizon does not result in adsorption of N03- ,during' the 
'-

"spring melt periode N03- mass reduction in discharge begins only when 

the vascl,lla~ plants begin absorbing nutrients Out, of the sail in the 

la te spring (Foster, 1984). The ,hardwood forests are not limited by low 

quantitles of available-N as reported in the subarctiè by ?Ioore 0.980),. 

The flushing of ~03- out of the hardwood system i~' spring exceeds, that 

,. available' ln the snowpack and 19 obviously not being absorbed by micro-

'. 

organisms at least in any significant qua~lty. 
,~ . 

-
If the examples of the temperate system serve as a model for the 

subarct:l.c system i.'t i8 expected that N03- may be effectively retained by 

the organisms present in the 0, L, F and H layers and th~t much of ~he P 

will drain into aquatic systems receiving the meltwater. 
... . 

.( 
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In the temperate region, the percentage of atmospherlc-source P and 

N reaching the lake surface from the terres trial portions of catchments 

'(on an annuai basis) is very low. Scheider et al. (1979) report that in 
, -- . 

central Ontario,' Hàrp Lake accounts fo~ 12.6% of the total watershed 

area. The precipitation falling directly on the lake represents 20% of 

the, annu~l input to the lake., Along similar Unes of comparison, the 

precipita,tion faping directly on the Iake contributes 44% of the TP and 

67% of the N03-'the lake receives annually. Wright's (-1976) dat'a for 

Dogfish Lake, an undisturbed catchment in northern Minnesota indicates 

that annuai precipitation input directly to the lake accounts for 82% of 

the TP recelved by the Iake on an annuai ba'sis. The larger the ratio of • 

the terrestriàl 'portion of 
t 

the catchment to the Iake surface" the 

l, 

greater the proportional contribution of the land, ta the P load 'to' th'e ' 

, -

lake. Scl'iindler and Nighsw~nder (i97,O) and Sch~ndler et' al., ' (1"97,6), 

report lake contribution values for P and N ln, ~entra±--:--'~, '- ~T:: 
, ~--

OQtario to be ,80 anCl 79' percent and 49 and 43 percent respectively. The 

rafio of land to lake area at the central and northern Ontario sites 1s 

, " 6.1: 1 and '1.4: l, resp~ctively. 

In the subarctic, acçording to the conceptual model outl!ned above, 

" the precipitation falling çlirectly on the lake will contri bute a signif

icantl:y smaller portion of the lakes annual P lOad than tO a temperate 

watershed with (limilar terrestrial watershed area - lake area ratio~ If 

Lake 239 looated at the Experimental Lakes Area in northwestern Ontario 

(BrunskUl and Schindler 1971) was subjected to subarctic climatic Cbn-, 

ditions it wouid receive an additionai 37 Kg of TP due to additional 

- snow contr~bution, an increase of approximately 51% oV~,r current natural 

loadi,ng. Assuming an annuai retention by the lake of 84% (Schindler!!:. 

" 

1. 
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aL, 1976) Lake 239 would increase in TP concentration by 6.30 ug L-1.

The current x TP concentration of Lake 239 i5 approximately la u~ L -1. 

An equation: 10g10 [chIa] = 1.45 10g10 [Pl - 1.14, developed ~Yr Dillon 

and Rigler (1975) to predict summer chlorophyll a concentrations from TP 

concentrations at spring overturn is employeq to determine the increase 

in productivity due to the additionai snowpack source TP. The predicted 

increase in chlorophyll ,a concentration in Lake 239 wouid be from 

approximately 2.04 mg m-3 chl.a to 4.15 mg m-3 chIa; greater than 100% 
." 

inc'rease in produc ti vit Y • 

Aithough the bulk atmospheric p' deposition in the sublJrctic- ls les's 

than mos t reported sites ln the temperatE7- reglon (~able 1-1), the sub

arctic lakes will receive ,a proportionaliy greater mass of P than tem-

perate systems. A comparison with temp-erate areas such as Hubbard Brool< 

Exp~rimerttal. Forest where the bulk a tmospheric de positIon of P ls less 
• 

than the reported subarctic values (Table 1-1) sl)ows that if th~ sub-' 

ar~tic and temperate catchments had an equival~nt 1and:lake ratio, the 

subarctic lake wou1d receive a higher 10ading of P due. principally' to 

the addition of snowwater from the terrestrial snowpack. 

The impact of snowpack source N03 - on lake producti vit Y is thought 

not to be as pronounced as the impact of snowpack-source P. This is 

primarily because in the subarctic N-limited terres trial ecosystem it i8 

assumed the N retention factors operating in many of the reported 

studies noted above in temperate conlferous forests are operating to 

more or' 1ess the same degree of efficiency dûring spring melt. For this 

concept:ui11 model ft 18 thus assumed that the snowpack source N03- will 

be retained by the terrestrial system. With spring' melt retent10n of 

N03- by the subarctic terres trial system, water bodies woulcrretéive- a 
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" greater p1;oportion of. NO 3--' from direct precipitation than would temper-

at'e lake systems. This ie primarily because the sno'Wp~ck: in 'thé sub-

arctic represents a'greater percentage of- the year's annual precJpita~ 

, ,/ 

tion than does the sno'Wpack in the temperate regi0ns. Accor~rig ta this 

èonceptual model which .forms .the structural basis for hypothesea con-

'. cerning putrient transfer during spring, subarctic lakes . will receive 
f --/ 

" 
proportionally greater P mass than N mass from the terre's trial portion 

" : 

of the catchmente. Rigler (Pers. Comm. 1981), Diamond {Pers., Comm. 

, 1982) ,and Smith et al. (1983) report that primary production in certain '-- -
lakes' in the eubarctic' portion of tne Labrador geosyncline near 

ScheJferville Québec la limited by nitrogen and not;: phosphorus as i8 

rêported for most temperate region lakes' (Schindler ~ al., 197.3; 

. vOÜenweida-~ 19?5,. The conceptual model outllned above whereby the 

lqading of P ta a subarctic lake ls proportio.nately greater than N may· 

in par::t explain the observations, noted hy Smith !:! al. (1983). 

- , 

1.7 Seouring of avallable nutrients at the base of the snowpack. 

There are two components whicli can be consid~red as potential 

nutrient sources to surface water bodies during spring melt in the sub-

arctic. The first is the nutrient mass available within the snow; a 

partial product of the atmospheric depo9ition and leaching of organic 

materlal deposi ted on the snowpack during the snowyear.. The second 

potentlal sourc~ of nutrients is the 0, L, F and H horizons over and 

'thrQugh which the meltwater ia flowlng \ Temperatures (-5.0 to O.DOC) 

r.ecorded at the base of a subarctic snowpack in Alaska (Whitney, 1976) 

strongly suggests that decomposition by microorganisms could proceed 
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t~rough a substantial portion of the winter. Cessation of pla~t activ- ' 

ity through' the winter months su'gges ts' that ava:t1a.ple-for:n nutr1en t~ 
" 

producèd during thiS' period of decompositi~n could be al)sorbed_ by vege-

'tation, adsorbed by' sail coUoids or flushed out of the system at, 

springmelt,. Sirice commencement of this study, decomposition ,af organic 
, , 

matter has been documented beneath the annual snowpack in the, ~emperate 

(McBrayer and, Gromack, 1980), subarctiç (Moore, 1984) and arctie (Douce 

ahd- Cros;ley, 1982) regions.- Mqore (1984) r~por~s -tha~ in the Scheffer

:ville reg:t,on of the 'subarctic. si'~nificant amounts of deeompoS1ti?n 

o.ccur during the winter months. In' another study, ~oore ,(1983) demon-
}.. ' , ' 

s tra/:es that a signifieant amourit of this 'decomposition oecurs Just 
\ 

prior to snowfall accuinulation- in late fa1'l, at a t~me, when plant 
, 

activit,ies are- minimal <Ind f1~shing i~ min;1mal because pr~cip:l:tat.ian ( 

" . 
falls 'as snow. " 

It i5 thought that' during the springmelt ,period dissolved nutrients 

aecumulated fr.om the period of in,tensive decomposition referred ta by 

. Moore ~1983) plus d~composltlon occurrin? through the snowyear at the 

base of the snowpack are flushed out of the syst~ by the springmelt. 

The nutrient mass scoiIred at this Ume a produet of physical and chem-

ieal,interaction at the base of the snowpack. 

1.8 .Implications of imperme'able soils for the ehemistr~ of snowme1t 

runoff. 

<, It has been reported that the pij of rain and snow falling in the' 

. subarctic is mildly acidic, pH 4.0-6.0, (Drake and Moore, 1980; Daoust, 
\, 

1982) • During springmelt the initial fraction of the meltwater 

t 



, ., 

(. 

" 

" " 

17 " ' 

, 
dhcha~glng from' the sno~paçk will" according to the ,1iterature contatn 

a dlsproportio~ate fractio.n o,f the snowpack-source, hycrogen' ion 

(Johannes et aL', 1980)', B~cause the subarctic soUs are frozen' during 
" , --

the melt period' aI\d wou1d remain so except in ar~as where pondirig (jf' 

water occurs, the ac;idic mE:!! twa tel' woufd reach dot.roslope water 'bodies 

with vety little if any +ntetact~on -with the mineraI' soil.', Unles'S' 
1 

" l' 
slgnificant ponding oCFurs, or, very higl;l buffering within the' surface 

, ' 

vegetation and .1itter .occur.'s, â 'large portion of the H+ ion 'in the 

meltwate-r rurtoff wil,l reacn sensitive water bodies. 

A large proportion of the eastérn subarctic--approximately 80% 
\ 

\ 

(Holmes, 1965)--is compo,sed of Preca~bria.n granite; The remaining, 20% '1> 

èonsists of the Labrador geosyncline a trough of sedimentary deposits. 

Tt follows that a vèry 's'ignUicant -portion of the eastern subarctic 'has, 

11ttle buffering capacity to qeutralize the a tmosphe~ic acid' load. 

~, ~ . . , 
-Model1ors concerned with predic~ing the effectivé buffering capac!ties 

of Precambria~ sh:leld subarctic systems would have 'to account for the 
1 

lack, of infiltration of acidic snowmelt water into the mineraI sail of 

these ,sensitive suharctic, ecosystems. A~ s'nowfaii comprises 

approximately 50% of thè annual precipitation in the eastern and 45% in 

the western subarctie, a significant percentage of the annual 

precipitation will essentially bypass the, largest component of the 

ecosystem which can effectively buffer the acidic snowmelt runoff. 
. , \ 

Implications for downslope aquatie systems \tlli1cp, are not twell buffered, 

for ~xample in the Canadian Shield, are primarily a reduction in the 

time i t takes to reduce the whole, lake pH. This wil~, in ~urn, be a 

partial product o~ the degree to which the snowmelt water mixes with the 

lake water. 

" 

,. 

, . 
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In tem~erate càtchments, the degree of mixing 15 a product of 

1 

several physical and climatic factors such as basin morphomet ry, lake 

volume, volume of snowwater on the catchment and intensity' o~ the melt. 

Jeffr1~s et al. (1979) !l'eport di:ffferences in the mixing depth of snow-
~- '1 

melt water in lakes in south central Ontario. The differences are 

quaiitatively attributed ta the factors described above. 

Severai studies undertaken in the temperate (Groterud, 1972; 

Henriksen and Wright, 1977; Hultbeq~. 1977; Stigebrandt, 1978 and 

Hendrey ~ al., 19RO) and Arctic regions' (Schindler ~ aL, 1974 and 

Bergmann, 1982) have indicated that the meltwater enterin~, Iakes by 

streams discharge across the lake surface in a relatively thin sheet. 

Interaction of 'meltwater with the lake -sediments is thought not to be 

significant. 

1.9 Implications of meltwater terrestrial subsurface aad overland flow 

on lake mixing. 

A Hterature search rev~als studies of lak~ mixing in subarctic 

lakes are âlmost non-existant. La Perrier (1981') was the only excep-

tion; the geographical location of this study area-norrhern Alaska--

makes it more arctic in nature. In this area snowfall is low, unlike a 

large portion of the subarctic where snowfall water equivalence i5 very 

significant •. La Perrier's monthly sampling interval permitted only a 

gèneral examination of mixing through the year. 
, " 

\ 

In temperate watersheds much of the water running directly from the 

land to t~e Iake does,so via subsurface flow, as 5uch, the meltwater may 

enter the lake through the sediments in the littoral zone. Measurements 

of "the hydraulic conductivity of 'this flow at the Experimental Lakes 
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Area in northwe~tern Ontario ls approximat~l.y 4.0 x 10-5 cm seC"-l 

(Beat y, Pers. Comm. 1982). This value·was recorded the day after a 2.5 

cm rain storm,' Messurements during snowelt runoff were' not taken. 

Saturation overland flow pro duces flow velocities (during snowmelt) 

betwee,n .11 and .28 cm sec-1 (Dunne and. Leopold, .1978). price (1975) 

rèports overland flow rates durlng springmelt ta, reach a maximum of .82 

cm sèc-1 ln the eastern Canadian subarctic. tt is thought that the flow' 

velocities of meltwater overland runoff in the subarctic will approxi-

ma te those reported above for sAturation overland flow by Dunne and Leo-

pold. Application of the mean value of .20 cm sec-1 to the velocity of 

snownielt water enables the formulation of hypothesis regarding the 

degree of mlxlng ongolng st spring melt in subarctlc lakes. 

Wetz~l (1975) reports that .... ,in iakes, vel'ocities of onlya few 

mm sec-1 ean induce turbulent flow". This ean 1ead to mixing between 

two layers of differing densities. During the winter months, surface 

temperatures ln subarctic lakes will he less than' 4 Q C. The energy re-

quired to d~sturh any density differential ln very frigld waters ls very 

smal!. Wetzel (1975) reports "the amount of work required toO mix 

-. . 
.layered watet masses between 29°C and 30°C ls 40 times that required for 

o 

the sarne masses between 4° and SoC. lt follows that the formation of 

stratigraphically distinct layers of snowmelt water a~d lake water where 

overland flow enters a 1ake ls not guaranteed, especially as the inflow-

ing water falls in the range of crating necessarily apply to ternperate 
.' 

lakes in the range creating turbulent flow. What may be true for sub-

aretie lakes need rtot necessarily apply to tempera te lakes at least 

where direct runoff into the lake ls concerned. 

( , 
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The hydraulic conductivity of the Quaternary deposits overlying the 

bedrock in the' Canadian Shield ranges between 2.10-3 cm.sec-l to 7.1'0-5 

~m.~ec1 (Newbury and Beat y, 19?O and Craig, Pers. Comm. 1983). The low 

hydraulic conductivities reported for littoral zone 
, 
seepage and sub-

surface flow (which eventu~l1y con"tributes to the downslope water body) 

"t are, according to Wetzel (197~) insufficient ta create turbulent flaw 

and concomitant ,mixing with lake water~ Rence mixing of snowmelt water 

and lake water may be physicallJ impossible in' temperate regions if the 

direct inflow to lakes is by subsurface, flo,w and seepage in the shallow 

littoral zone. 

Overland saturated flow direct1y into lakes during springmelt is 

unreported in the l1terature. The 11 terature examining the occurrence 

and mechan!sms prompting overland saturated flow are primar!ly concerned 

wi th areas draining into first and second order streams (for example 

Dunne ~ al., 1975 and Pierson, 1983). Newbury (Pers. Comm. 1983) has 

o 

observed overland flow thought due to saturated condi tions on a Canadian 

Shield catchment in northwestern Ontario. Although the observations 

were not qual1fied by measurement, the topography of this pdrticular 

area suggests the groundwater table would be in position to displ-ace and 

redireét subsurface flow. . Observations on three spring melts at the 

Turkey Lakes Research Watershed in northern Ontario indicate overland 

saturated flaw is not a common event where direct input into the lakes 

from land' is concerned (Craig and Semkin, Pers. Comm. 1984). The vel-

ocities repor~>ed above for overland saturated flow wou1d be sufficient 

to promote mixing in tre shallow littoral zone of lakes during spring-

melt; tbe frequency and occurren~e of this process contriblJting directly 

to lakes in the te~perate region is unknown. 

?-
l', ' 

• 1 
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The degree of lake mixing dll;ring springmeh in the temperate zones 

Is reported to be smaU (H;ndrey et.Al-, 1980). The potentlal for snOw

melt water mixing to, grr.ater tha,n a" few cm in depth with lake water in 

the subarctie appears to be high." Implications of different mlX1ng 

regimes between subarct1c and temperate lakes for nutrient ~dgets will 
,,~ 

Pè dis'cussed. , , 

1 • c 

\ If the meltwater mixes in the littoral zone of Jiubaretic lakes a . ~ 

high proportion of the incptÎdng nutrients will he retained withln the 
. 

~ake. ~,e processes thought responsible for this retention are ads,~rp~ 

tion of nutrients ,to littoral sediments and biologieal uptake' by plank-

ton. 

Most of ,~he lake nutrient moders have been Eorntulated from temper

~~' ..... ate lake fa (for ex~p~e~ Dillon and Rigler, 1974). Application of 

j- ~ /"'-- ' , 

,', theW'models to subar~tic lakes should be evaluated ,ln light of the dif-

ferences between the t~o systems. Mixing of snowm~lt and lake water in 

the littoral zone of subaretic lakes will not be apparent - in samples 

'" taken from sampling sites located at".-the deepest portion of the lake or 
, i 

.i!1 the lakes discharging stream. as is the' practice in temperat~ lakes. 

1.10 purpose 

The purpose of this research is to examine the raIe of the snowpack 

and snowmelt runoff in. the ~trient b~dget of subarètic ,tundra, wood-
, 

land. forest' and lake ecosystems durlng the springmelt period. The 

hypotheses est,ablished to provide a framework f~ ,Çhis' research are dis': -

cussed bel.ow. ,,~' 
"-'-~, 

1 

.' • , 

, -. 

1· 
f 
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'1.11 Hyp6these~ 

1.11.1 
. ~~ 

Impact of plant community ,tlpon snowpack nutrient mass 

Terreàtrial and aquatie ,systé~S irt northern latitudes are normally 

ol1gotrophic (Sc;hiQ.dler et al., 1974; Haag, 1978; Bl1ss, 1978; Moore; 
, ~ --

,,1981). Though nutrient concentrations in precipitation faUing in the 

sûbarctic ,at;e reported to he lover than most repçrted temperate sit;s ;'-~"" 
1 \ 

the atinospheri-c contribution of available form or dis,solyed nutrients. ) 
, '\' 

« .45 ,um) in precipi,tat~on ia 'speeulàt~d' to be, propor~ionately more \' 

important to the subarctic systems. Decomposition ~:s very slow and bio

logically import~nt availatile P and N is ,lowered in the subarctic ter-;

re~trial systems (Haag, i978; Moore, L98l). 'LaKes in the' easte.rn sub-, 

arctic near Schefferville, Qu~bec rank among the most oligotrophic· lakes , 
reported in the li terature' (Rigler, Pèrs. Comm., 1981). 

, . 
As the winter snowpack comprises a very si.gnlficant portion of the 

.,;' 

a~nual p~pitation it represents a substaoUal èontribution to these 

ol~gotrophic subarcti~ systems." 

Additionsl nutrient input' ta ~he snowp~ck by, organic uÎat"t,er ia 

reported ln the temperate regions (e.g., Pearson and Taylor, 1982) and 
, 

in a study conducted by.Manuel (1983) near Sch\!fferville, Québe~. 

The dominant plant communities in the' aubar~tic are 'lichen-heath' 
,. -. !5 

tundraj, open spruce-1ichen woodland and,clo~e,d spru~e-mo~s forest (Hare, 

• 1955). It is hypothesize"d that the nutrient concentrations in the ,snow-

pack will' reflect the plant çommunitt. Assuming that the atmospheric 

nutrient eontributl~n to each plant community la equal. the differences 

/, . 

'J 

,<:-~~ ~_ :.between plant community snowpacks can be attributable to organic deposi-
~ 1 - ~ ~.. , 

tion duting the snowyear. The recorded differences are hypothesized to 
1 • 

be "significantly" different due primarlly to the increasing.- density of 
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spruce (Picea spp.) trees, the species with the greatest ab ove snow sur-

face blomass ~nd therefore potentlally the gr~ate~t contrlhutor of(llt~ 

ter ~o the snowpàck during the snowYear. r Afcordl,ngly" ,the ascending

order of snowpack nutrient· enrichment due to organi~'matter contribûtion 

Is' postula.ted to be liçhen-heath tundra op'en ~pruce lichen wo.odland 

closed spruce IUOSS. forest. • 

1oll.2 Fate of snowpack-source nutrients during s,pring melt runoff 

The èonceptuai mode! outlined above for snowpack-source P and N 
, 

" 

t·ransfer during spr;ing meit (section 1.6) provides the' structure for 

hypotheses regarding the potential transfer of these biologcally Impor~ 

tpnt nutrients during runoff. 

lt is hYP0the'sized that 'on slopes' in the subarctic', snowpack source 

P will not be retained by the terres trial portion of thè catchment but' 
• 

will he transferred into downsiope water bodies. ,This ia primarily 

because the snowmelt water is isolat~d from the mineraI soil where 
'; 

ad~orp~io~ is reported to be very high (Johnson and Cole, 1977; 

.' 
Schindler ~ al., 1976). During the snowmelt'process it ls hypothe~ized 

that N03- will he retained by ,the terrestrial catchment; very littie if 
~ 

.any of the .snowpack-sou):'ce N03- will reach bodies of water into which 

the snowmeit water is draining. Microbial absorption of N within the 

" 

,humus layer ls speculated to be very h:f,gli as northern subirctic ter-.. 
testr!al syst;ems are N limited (Moore, 1'980). lt is hypothesized . that , , 

on dopes the snowpack-source ea2+, Mg2+,' Na+ and .~ will not be 

o 'retained within the organic material above the frozen mineraI soil 

during Bp~ing~elt. This is primarily because of low biological activity 

'. 

, . 

0' 

{ 

L 
.L 
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and the fact that these nutrients are more readily av!,-ila}:lle tha~ P or 'N 

and as such are not cons,iller'ed limlting .to 'prodùc,tion in the subarcÙc., . 

1.11.3 Interaction of' snowmelt water anll the organic ,l~yers at ,tbe 

base of the terrestrial snoW'pack. __ 

McBrayer and Cro~ack (1980) report ~hat the critical air te~pera

ture for decompoae~ ac-tivity la not know but ls well, bel,o'w, 0°6. Tém-

perature recorded, at the base' of a. thlck snowpack' in the. Alaska~ sub-

. 
arctic (Whitney, 1976) indicate a temperature range amenable ta ~eCDmpQ-, 

, sition (0 '-to -SOC). More .Tece'(ltly, ,Moore' (1983) repor"ts snowpac~ t~m

peratures at t,he' Imowpack base" i~, the Schefferville r-egion to. range 

'. 

between +0.1~C and'-3 9 C. lt 18 hypoth~slzed tha~ a portion of the dls

solved nutri~nt accumulation resulting from: 1) the intensive period of 

decomposltion ln the .subarct1c ju~t prior to the initiation of the 

annual accumulation of snow, reported by Hoore (1983) and 2) the decom- . 
, ~ , 

po~ltion occufring béneat~ the sn?wpack (Moore 1~84/' wIll be physically 

fl~shed Qut o~ the' organic hQrizo~s.above' the frozen mineraI soil during 

the -melt periode This, 'o'f course wIll occur only on slopes. Where 

ponding .of water occurs, the mirteral ~oil:will thaw much faster and in

filtration and nutrient retention within the soil or subsurface water 

will occur. 

In accordance with the discussiori and hypothesis on the fate of 

snowpack source N03- 'it i~ ~ssumed that the N03- released during decom~ 

position ia retained by the N-limited system and i8 not physically 

flu_shed from ,the. terres trial portion of the catchlllent. lt i8 assumed 

that P, Ca2+, Mg2+, ~ and Né released during de,compoSition will be 

flushed out'~f the systè~. 
" l, 

, d 

.' 

r, 
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A portion of the ~, ea2+, Mg2+, ~ and Na+ scouring will hé di~ct-
\ 

.' ,1y a result of the physical scouring br meltwater runoffj a portion will 

result from ion exchange. Phos'phat'e will chemically exchange with 

S042-, N03- and' Cl- on organic colloids. If t,his exchange reaction 

occurs wlthin. the L, F and H horizons of the 9ubarctic 90il strata 

during snowmelt runoff,' ~ome retention of the P mass may occur. The 

retention will decreas~ as meltwater contact time with the organic 
""·~~~\l;- , 

mater'ial dec.reases. The exchange efficiency < wt1l. thus be a funct!on of 

the melt intensity anô the slôpe angle along, which the meltwater flows. 

-
The greater ~hese factors become the'lower the anion exchange efficlen-

cy. It 'is, hy~othesized that because portions 'of the organic layers will 

be frozen du;-ing the eàrly peri~d of the spring melt, the retention of 

available po3-4 within th~ organic ~ayer~ will.be reduced and the' total 

P mass dlscharging from the te~restrial,portlon of a subarctic catchment 

,will be greater than the mass determined in the snowpack. Cation ex .... 

change occurring at the b~ge of the snowpack will increase the cation 

mass discharging from the terres trial portion of the system. Thus the 

discharging cation mass will exceeg the SUlU of the snowpack source 

cation mass plus that physically scoured from the sy~t~m. Though com-

Rleee separation of the physically scoured mass ftom the mass resulting 

from cation exchange is impossible ,under field· conditions, 11< is-

possible to oypothesize' about. the pattern of cat;l.on 4ischarge ,and the 

causal mechanisms of this discharge. 

1.11.4 Temporal pattern of snowmelt runoff/nutrient discharge within 

the terrestrial portions of subarctic catchments. 

Hypotheses regarding the temporal pattern of nutrient discharge 

within the plant communities focus on the reported exsolving pattern of 

1 - , 
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ions from. snowpacks (Seip, 1980)1 and the frozen nature of the oJ;:ganic 

laY7rs' abo,ve the frozen mineraI soil. , h_ r " 
-. ") . 

lt is a~sumed the exsolving of ions from the snowpack will be pro

portional1y greater ~uring the initial ~ortion o~' the melt. The degree 

ta whic~ physic~l and chemical scouring of nutrients occurs ~n the 
, 
, . 

organic ,i and surface mineraI horizons ls contingent. upon the frozen 

nature,' of these layers. On slopes it is assumed the mineraI" soU ls 

essentially Impermeable to meltwater infll~ration. The frozen nature of 

the 9rganic horizons just prior to springm~lt will vary from ye~r. to 

year, depepdent upon. the' degree of saturat~on just-prior to the 1nftia-
- 1 

tion of the annual .snowpack. Ambient air tempera t'ures and the r1t,e o~ 

snowpack accumulation are importar'tt. Snow is lm efficient insulatorj' 
1 \..' , 

its efficiency generally increasing with deptn (Granber-g, .1982). If the 
. . 

organlc layers were -unfrozen, the greatest sc~uring of nutrient mass 
. , 

would be expected during the initial portion Qf the melt as the greatest 

'proportion of snowpack source ions will exsolve and percolaee lnto the 

0, L, F, H layers at this tillie. Cation and anion exchange would be 

greatest at this. tlme. A frozen organic substratè would curtall the Ion 

exch'ange as the number of exchange- sites would be res tricted at this 

.t,ime. 

'It is hypothesized that the scoured nutrient mass discharging from 

-
the terrestrial' portion of subarctic catchments will be proportlonally 

grea-ter during the initial· part of the snowmelt runoff, reflecting the 

disproportionate exsolving of snowpack source ions at this time. The 

degree of disproport19nately will b~ a functiQn of the quality of the 

or~anlç layers above the frozen minèral soil. 

... r'~ ~-" ... "~T,,, "'"j'.P! -i"',.. ... -v.-. ,f''<'!...,.'""'"l .. _,.. .... M!!I'~~~~·1 

... ~.~~. ,.'b .. ~i: .... : ... ~-.b .. *~~.~i:! -.. __ ~;ff~~!Jy~ :~~.'~.;.~I"t..~ .. r~~'\ll' :. ~_.1~_f,: 
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1.11.5 Snowmelt-lake wat'er interaction. , 

, . 
The potential for snowmelt water-lake mixing appears h!gh i,n the 

subarctic as overland ·f1ow rates reported above, are in the range needed 
. 

to disrupt !ake water stratification especiall~ at low water tempera-

tures. lt' i5 hypotQesized that in' the su,baretic significant mixing of 
, Î1t

1 

~ ", 

snowmelt· water with lake water occurs. Becadse of the aligotrphie 

nature of these lakes (Rigler, P~~s: Comm. 1981) it is, hypothesized' that .. ~ 
" ' 

• ( \, 1 

much ,of the biologically important nutrients, 'N and P will o'be retained 

with1n the aquatte 'system. 

1.12 Study' area seleati.!)n 
. " 

'The study s,rea chosen was the Schefferville r~g1on of the eas'tern 

sub~rctic. The' Schefferville region i8 typ1cai ot' the eàs tern Bub-, 

"aret1e, climatical1Y,and bota~ieally'and excellent logistica1 s~pport is 

avatlàble at the MeGl11 Subarctlc Resea~ch Station in Schefferville. 

This area receives approximat~ly 49% of its annual precipitation as 
," , 

snow (~arr and Wright, 1981), ·typieal, of 'the eastern subarctic (Canada, 
, 

1978) • The soil i3 reporteâly frozen through the duration of .the 

springmelt (Priee~ 1975). Examination 'of the Hydrologieal Atlas of 

Canada reveals that 'snow depths and seasonal temperature~ recorded, at 

Schefferville are typical of the eastern subarctiG. The ftozen, 

relatively impermeable-soils reeorded during springmelt by Priee (~975) 

are probably typica'l of JIlUch of the eRstern subaretie as few differences 

exist amông the climatic factors (snow ,depth, s,easonal temperatures) 

a~tumn rainfall) primarily responsible fo,r the. J1ze,n çondition of the 

80;l.ls. 
.' 
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The plant communities inhabiting the Schefferville, region are 

representative of tho,se found in the eastern subarctic (Hare, 1955; 

Harper, 1964; Huatich, 1965). 

The presence of the McGlll Subarctie Research Station was a pr~mary 

factor ln the selection of a study area' as l~ has pro"ided fac1l1tl~s 

for researehers on subarctic proeesses for over 15 years. ' The' studies 

produced from the McGill Station are' immeasurably helpful in under;

standing hydrological processes ,and nutr.tent cyellng ln the subarètic. 
~ ) 

A limnologieal project. based at tlTe McGlll Station uJè.dar ,the direction 

of the la te Dr. Frank Rigler~ was 

study' in thls area. 

" 

( 

1 

'''1 

an added reason for conducting the 
"'. 
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.. 
CHAPTER 2 

" METHODOLOGY 

2.1 Introduction 'l 

/ . 
This chapter des'c.ribes 4~he, study site, pre-fiel~work analysis" the 

initial basin survey during the winter prior to the field season and 

basin instrumentation. The sampling sùategy for the snowpack. snowmelt 

runoff, and lake and stream discharge measurements are included. 

~treamt lake and s!10w sample" treatment and chemicai analyais are dea-

fI_ cribed. 

... 11 • 

2.2 S.tudy area 

2.2.1 Introduction 

The Schefferville region was chosen 'for several basic rea8o~s. 
" 

The j, 
/ 

region is distinctIy subarctic 'in terms of !ts elimate (Hare, 
/ 

1950/) , 
1 

sÎlow hydrology (Priee, 1975), soil (Hoore. 1980) and 
/ 

1 
vege~F~~~!1 

/, 

'(Hustich, 1965). A wealth of environmental and ecological inf.ormation 

collected by various resea.rchérs on the 'immediate region :ts' available. 
, 

In particular. concurrent studies included terrestrial nutrient dynamics 

focusing principally on litter decomposition and soil nutrient cyeling 

and nutrient dynamics in lakes. 

2.2.2 The physical environment 

Schefferville. Québec is located on the Labrador geosyncline at 

54°S4'N f 6és7'W at 503 m.a.s.l. (Fig'ure 2-1). The geosyneline com-
, 

prises, approximately 20% of tl)e eastern ~ubarc,tic land area, and con"; 

tains éarbonaceous rocks with high c0tl:centrations of Ca2+ t Hg2+ and P •. 

" 

, 
~ il" ,::;:'~~;.~~~~i i~ ~I~ J~:':~J::~;;J!~l2;.~]~~'~:~. ~.~. ,~4~ 

/ 
/ 

/ 

i 
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Dillon and Kirchner (~975) repo~t high export of'P Ln drainage waters of 

sedimentary basins ~n the temperate .zone., The notable outcrops of 

dolomite in the Schefferville area (Geologieal' Survey of Canadà, 1961) 
, Il 

imply that th~"·~quatic systems bordering on this, ~ock typ~}ave e~evated 
P c~ncentrattpns • Eli$abeth Lake, a S1I1all 1ake . ~1thin 

" 
(; km of 

.l 

Schefferville 'is one such example. Chênard (1981) 
'< 

r~:~~._. t~~al 
phosphorus (TP) concentrations in excess of 8 ~g L-1 for this 1ake. The 

vèry 'oligotrophic lakes within tnis region such as Dolly Lake have TP 

concen'trations 'at the limit, of detectab~lity, .• 01 pg L -1 (Rigler,,, 

Pers. Comm. 1980). The granitic' bed~ock of the Canadian Shield is 

nutr:tent poor (Dillon and Kirchner 1975) and as such the nut·dent 

concentrations in 1akes on the eastern subarctic shieldl are uniform1y 

10w (Orth, P~rs.' Comm. 1980). 

The climate of the Schefferville region i8 characterized by lon~ 

cold wintet:'s ,and short 'Cool, wet summers. The mean annual temperature 

récordéd at the McGill Station between 1955 and 1979 (inclusive) Is 

-4.5°'C with an ,annual average of 771 mm of precipitation (Barr. and 

Wright, 1981). Snowfall, comprising approxilIiately 48% of the a.nnual! 

precipitation has been recorded in a11 months of the year; much of the 

rainfall i5 recorded from late May through to early September. 

The iidge-valley-r1d'ge topography, of the Labrador trough st.riking 

, 
northwest-southeast, has an appreciable influence on vegetation 

distribution, snow accumulation and indirectly on the soil cllmate 

during the snow year. 

,-
. i 
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( The ridges, eomposed of more resistant'rock, ~uch as cher~-breeci~, 

.-

--, 

() 

are essenti~lly devpid of vegetation 'greater than .25 m above ground 

surface. The snowpack on the exposed ridges is generally less than .5 

m~ only weakly able to insulate the ground beneath it. In the valleys 

snowpaek ac-cu!llulation ranges between 1.0 and 3.0 m. Although the snow-

pack in the valleys is sufficiently thick ta insulate the ground against 

,~- the formation of permafrost, the soil surface Is reported ta freeze and 

r 

remain so through the springme1t period (Priee, 1975). This feature is 
\ 

'-
of utroost importance as it is one major factor which distinguishes sub-

arçtic ecosystems from temperate ecosystems where meltwater frequently 

" infiltrat~s the unfrozen soil. 

The major plant communitlés of the Schefferville region'are lichen-

heath tundra (hereafter referred to as tundra), open spruce-lichen wood-, . . 
land (hereafter referred t~ as woodland) and closed spruce-moss forest . ," 

1 (hereafter reJ;erred to as forest). The terminolog}' employed to. describe 

the plant communities follows that of Hare (1959) who descr!bes their 

widespread occurrence throughout the Labrador-Ungava Peninsula. The 

typical coenocline (Whittaker, 1975) is tundra ~eeupying the ele'{ated 

ridges, woodland growing in the midslope area, the forest occupying the 

weIl drained portions of the valley floor and in pOQrly drained portions 

of valley flaars and nutrient paor 'fens. The pattern, of growth is not 

sa mu ch successional as it i5 environmental. 

The pedagenic processes operating in the Schefferville area, in 

arder of importance are 1) podzolization, 2) gleying, 3) organie matter 

decomposition, 4) leaching and 5) weathering (Nicholson 1973). Moore 

(1978) deseribes in detail processes affeeting soil pedo~enesis in the 

subarctic. The 80i1 is frozen during most of the snowyear (Priee 1975), 

l' 

.. 

! 
} 

, 
1. 
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temperatures at thè base .of snowpaeks have been recorded in subarctic 

Alaska to range between OoC and -SoC (Whitney, 1976) and in the eastern 

CanaiUan subarctic 'tp range between +0.1 ~C ta -3°C (Moore 1983). This 
\ ' 

temperature range i8 sufficient for decomposition of organic material by 

" microorganisms (Hendriksson et al., 1982), as shown by Moore (1983, 

1984) • 

2.2.3 Selection of the Elizabeth Lake Catchment 

• The following criteria were established in the selection of the 

,study site: 

i) the catchment had to contain a selection of plant communi
ties typical of this portion of the subarctic: lichen
heath tundra, open spruce-l1chen woodland and closed 
sprucè-moss forest. 

ii) the catchment had to be reasonably close to the McGi1l 
Station in Schefft!rville such that transportation was not 
a log'1stical problem durlng the winter and spring when 

~ numerous water samples needed to be shipped to the lab for 
cold storage. 

Iii) contamination of the} catchmént should· be minimal, either 
by direct human contact (e.g. snowmobiles) or by atmos
pheric pollution caused by the iron ore mines near the 
town of Schefferville. , 

'lv) though not imperative, a catchment which had or was the 
foeus of resea'reh, ei ther limnological, hydrological or 
terres trial would provide the adderl' bonus of background 
information., 

The only catchment which met aIl of the site selection requirements 

was that of Elizabeth Lake located approximately 6 km southwest of the 

Schefferville townsite (Figure 2-1). 

The topography of the Elizabeth Lake catchment typifies the 

ridge-val1ey-ridge sequence weIl noted in the Labrador geosyncl1ne. 
, 

Elizabeth Lake 18 located on a dolomite deposit. The ridges containing 

the catchment, are composed of more resistant chert-breccia. The 

.,,' . 
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coenocline typical of this region exists in- the Elizabeth Lake catch-

,ment: tundra occupies the' upper r:Loges, the distribution of forest 

" closely follows the shape of the dolomite outcrop and the woodland domi-

nates the lower parts of the valley slopes and portions of the valley 

-floor. 

Although the Wishart mine is located approximately 1 km southwest 

of Elizabeth Lake it was no longer operational and the tailings were 

snow covered through,the snowyear. Although contamination of the Eliza-

beth Lake snowpack from this source cannot be entirely discounted, the 

prevailing northwesterly wind would reduce the probability. 

Açcess to the Elizabeth Lake catchment was °restricted by the Iron 

Ore Company of Canada (lOCC), eliminating disruption of the natural ter-

restrial snowpack by snowmobiles. 

The" Elizabeth Lake catchment was the site of an extensive snow sur-

J vey during the 1978-79 snowyear (Adams and Barr, 1980). This survey 

'provided in'formation on the depth, density and water °equivalence 'of the 

snowpack within each plant community and on the lake ice cover. 

A limnolo~cal project conducted by the la te Frartk Rigler had'col-
e 

• J 

.lected several yeoars data on Elizabeth Lake TP concentrations. An 

i~itfal survey of intermittent streams by the limnology project provide'd . 
valuable information ôn the terrestl"1al contribution of TP to the lake 

during the ice free year. Regular sampling of the single di~charging 

stream from the lake provided baseline information on the lakes 0, 

hydrolog)1_é!od TP mass flux from the lake: A FOJ!;boro diaphragm recorder 

installed in .1978 proZ,ided continuous recording of 'the lake level.. 
, • v 

By comparison with other subarctic lakes regu~arly sampled in the 
~~:l;) , 

Schefferville area, Elizabeth lake is meso-eutrophie (as defined by 
--..-/ 

" 

" .. 
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Wet~el, 1975) with average concentrations of epilimnetic TP of 12'ug L-l 

(Rifler, unpubJ,.i_shed da'ta, 1980). This 18 thought' to 'be a 'futtction of 

the dolomite deposit in the catchment. Although the eutrophie nature of 
,1 

L-......., ,. ... . 
. tne lake will not affect the signlfipance of the results deal1ng with 

- ~ 7' _1 

the interaction between snow melewate'r and the terrestri~l portion of . '" 
the catehment, the._si,gnificance of spring nutrient loadin~ to' the lake 

will be affeeted. 

.. 
1 Initial su.rveys .. 

" 
~ , 

As it was initially hypothesized that vegetation will significantly 

alter the ehemistry of snowmelt runoff, a detailed map of plant .communi-· 

ty' distribution was prep~red. Black and, white panchromatic aerial 

'-
photography ~1:2400i proVIded by t~e Iron Ore Company of Canada was used 

to Diap plant communities within the EI:zabeth ,Lake baV-n. Acc#iding to 

Heller !! al., (1964) this photographie scale is more than ,adequate for 

plant è?mmunity identification. ~ 

\ 

~ \ 

A preliDiinary survey of pota tial field sites in December 1978 

~ ... ,;:) included a cursory examination of snowpack depth distribution within the 

.'~ <..:; various plant communities. As snowpack accumulation and melt are 

""'!·partiall~ a product of the .nvironment in ~ich th. snowpaOk i. locat.d, 

j. s'lope angl~, aspect ~nd expo8ure to the prevai1it"ig northwesterly .wlnd 
l ' 

were noted. Further qü.ali~lcatiol\' of snowpack physieal qual1ties and 
--~., 

, d~~1ri~ution just prior to peak s~ow year on the Elizabeth Lake 

catchment was determined from' data reported in' Adams, and Barr (1980)., 
l 

By comparing the aeria! photography, a . contour' map of the saJbe 
~ . . 

seale (provided by IOCC) and observat!ons frolll the iniÙal field survey, -
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1 

a preliminary basin boundary and ,drainage map was produced. This map 

designates areas of primary (draining directly into the· lake) and 

secondary (areas contributing ta elevated ponds wh1ch' may reach the lake 

.via groundwa~r, if at aIl) drainage ~ .. 

During spring 1979, the Elizabeth Lake basin was examined on 'foot 

ta provide ground truthing for the vegetation and. drainage~" baselin~ 

maps. The panchromatic photography providéd by IOee Dwas taken in 1~58, 

but as growth is very slow, few corrections were necessary and individu-

al trees and other s~itable benchmarks could be identified. More recent 

. photography (1970, 1:50,000) was of too 'small a scale for useful plant 
b , 

community Interpretation or dralnage deli~eation. .' 

One of the major considerations for plant c0!Dmunity division was 

thé effect of the vegetation structure on the physical structure of the 

snowpack. It was hypothesized that the snoW'pac:;k ,structure would have 

implications for'-·the melt pattern and the chemica1 interaction between 

- .... ~.-"j • 

the meltwater. and the base' of the snowpack. The roughness factor 

created by vegetation and its effects on snowpack composition in the 

Schefferville area have been documented by Granberg (1971). ' 

An added reason for the defineation of the catchment into plant 

communities is, the effect of vegetation on solar radiation and therefore. 

on the melt pattern during the springmelt. 

Within the Elizabeth Lake catchmcnt, 12. plots, each 490 m2, .were 

examined for species composition using> the Braun-Blanquet method. of :.;.~ 

plant sp~cies association. Four plots were located within each of the 

th,ree recognized· plant associations. Species dominance in each plot :., 

(tree, shrub, herb, ground) was of partlcul~r inl~~rest; 
{1 

subdominant 

I,~ 
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,species were also noted. The plots were estàbUshed in a representat,!ve -, 
~Qsition within each assembl~ge so that the transitioq areas along the 

. ' 

borders were excluded. The criteria of 'Mue,ller-Dombois and EIlenberg 

(i974 :46) were met in each plot: namely t the - .sample stand was large 

enough to contairt aIl spec!es belong!ng to the plant. commun! ty, the 

habitat was uniform wÜhin the stand area and the plant cover was - as- . 

homogeneous as possible. As the detailed vegetation survey was not of 

great importance to this study only specles significance and sociability 
-. 

. were noted (Table 2-1). 

,~ 
The analysis reveals that the 3 vegetation unlts determined 

r ' 
: 'initially by observation for Braun-Blanquet 
\. 
! -three separate plant associations. 

analys19. can be defined as 

Plant commun;lty B:nalysis revealed a difference in shr~b and grbund-

vegetation '.~pecies in portions of the woodland plant community _ (appendix 

A). The wood1and community has t~o principal components in the shr-ub-

" " . ' 
ground vegetation which .. es,?entially differentiates the plant community 

into two subgroups. .. The two subgroups ~re: 1) the woodland which ls 

associated with a considerable growth of the shrubs Betu~a gZandu'f,08a 

and Ledwn groenZandicwn., and 2) die woodland in which the shrub growth 

is very sparse. The dominant ground species as;ociated' with the 'two 

subgroups are 1) lichen and moss spe.c1es in roughly a 70-30 % coverage 

ratio in the plots with conside'rable shrub growth and -2) lichen dominant 

( 90% groung cover) in th~ plots with little shrub- growth. 

From both a structural and compositional viewpoint the plant com-

munities ,found on the' Elizabeth Lake catchme'nt are similar to those 

found elsewhere in the eastern subarct;lc (Hustich, '19~4; Harper, 1964; 

Hustich, 1965; Crum and Kallio, 1966; Makinen and Kallio, 1980). 

"~_ ...... _._ ... ~._~~.,- '-'.' .. 

'. 
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Table 2.1. Spec1es sig'ilificance scale sha.wi~~ c9ver..'ahundance for 

each numerical rank. 

Rankj:n~ 

1 

2 

3 

4 

5 

. . 6 

7 

8 

9 

• 

Speci~s s~gnificance 
Qualitative value Cover-ahundance (%) 

Rare occurrence NegUgi hIe" 

Seldom occurring up to 5 

Common occurrenc"e ~-·o··-':'-- f 0' ---

Occurring often 11 20 

Occurri~g very often 21 35 

Aoundant cover '36 50 , 
More abundant 51 - 75-

Very abundant . t,lp to 95 

Mos t abundant 96 - 100 

s~ciability Index 

Growing siogll 
.' 

G~ouped or tufted' 
l< 

Growing. in smaU patches or cushions 

Growing in > sm;all 1 colonies, extensive Cpatch~s, or. 
rorming carpet '. 

Forming pure populations 

.J 
Sociability i8 an evaluation of dispersion. of a species 

within a sample plot. 

, . 

: 
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2.4 Snowmelt runoff enclosures 

Runoff ênclosures were constructed in the three plant communities 

to collect and monitor snowmelt and its chemical composition. 

Preliminary examina~ion of the snowpack and data provided by Adams 

anq Rbulet, (Pers. Comm. 1979), coupled" 'f~th the Elizabeth Lake catchment 

dra!na~e map, -resulted in" a rough estimate of the potential snowpack 

water ~olume which could drain into Elizabeth Lak~ during snowmelt. 

Us.ing Price 's (1976) estimate of 5.0 cm maximum Imelt day-Il, a rough 

cal~ûlation was made of dis charge which could 'be .expected from each 

. p~ant cotDJl\uni,"y for a given surface area per unit of time (assuming con-

1 

crete frost prevented any significant infiltration). 

Based on these estimates of snowmelt.runoff, rectangular enclosures 

measuring 3.0 m in width by 30.0 m 

constructed in each of the three 

in u1Slope length 

plant communities 

(Figure 2-2),were 

durlng the late 

r'\l 
.,l sùi1i}ll~r ,and early faU of 1979. The locations are shown in Figure 2-3. 

l, ~ 
l ' ',-

The decision ta construct two plots in the woodland and two' in the 

..... -k 
,~ forèst and one in the tun4ra was based on the variation of ground vege-

tation within th,e ,two treed plant communities and the lack of vallfat~on 

wi~in the tundra. 

-
A second reason for the number and distribution of ~unoff plots 

.related ta the accumulation of organic matter beneath the living vegeta-

tion. < The mor 2 accumulatt'On in the tundra was. insignificant compared 

with that beneath the lichen in the woodland and much less than that 

IP'rice's (1976) estimate was for a forest community. An additional 2.5 
cm day-l were added for the tundra and open spruce plant community. 

2Mor is defined as humus consisting of or~aniC ma'ter distinct from the 
mineral'soil beneath. 
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, Figure 2-2: Schema tic illustr8~ion of snowmelt 
runoff enclosure 
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r- Figure 2-3: Elizabeth Lake catçhment, Labrado.r·, 
~. , 
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be~e~th the MOSS in the forest.' As the ground vegetation arid',mor.would, 

bea' 'the, principal organic" components with which the· meltwater. would 

interact with' it ws' thought this physical and ·chemical inter~ct1-on 

. would be more si,gn!ficaht in the forested plant communities'. This con-

sidera tian aided in the decision to loca,te two runoff plots in each .of 

the woodland and forest and 'one in the tundra. 

Si te selection for the runoff plots was baséd on simllarity of 

plant composition, slope angle and aspec!t within the particulâr plant 

community at large. "The similarity between the plant species within the 

,runoff p;lots and corresponding plant cOlIimu~it1es has been noted above. 

Tl)e slope was meas.ured at 137 locations within the primary meltwater 

. 
runoff contributing area. Heasurements were taken approximately eà~h 25 

m on hillsides w1 th in this area. The only exceptions were ~he taltis 

slopes and cliffs, wliere measurements were nbt taken." As the primary 

reason behind this exercise was to detertnine ~ow' representative ,the 

meltwater runoff plot sites' were with{n the plant community in questio~ 

tt' was not necessary ta include the portions of the prlmary runoff con- < 

tributing area comprised of rock. Figure 2-4 illustrates the locations 

of the slopes selected for measurement. 

In thè fores t. 
o 

37 measured slopes have a Mean slope of 8.63) s 

(s,tandard deviàtion) • 2.97; sx (standard error of the Mean) ... 49). 

The slope of the runorf plots in the forest are 9.50 and 12.5°,_ somewhat 

greater than the Mean value. The Mean determined' "alue for the forest; 

~s somewhat misleading as it 1s based on 19 samples taken from the north 

basin wh1ch represents 82% of ·the forest within the catchment and 18 

samples taken from the 'south -basin forest which represjantl> only 18% of 
~ L 

'. 

" 

'. 

" " 1 

'1 
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Figure 2-4: Locat10n ~f slopes', used fOI:" determining 
,lII(tal,l.blopt: and aspect in the three plant 

communitiés in the prirnary meltw~ter runoff 
cont-ributing area of Elizabeth Lake catchmen t, 
Labrador. 
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the' total.catchment forest~ The dlacrepancy between 'sample numbers and ~ 

area Is due to topography. I~'cthe no~th basi,n, the me an slope is 10. ~o 

(s .' 2.26; sx .5,2); the two forest runoff plot sites slopes fall within 
" ... ....~ 

'i· 
1 S of ',the mean •. r The woocÎland site~~ on the primary contributing area 

have 'a mean slope of 13.3° (s' - 9 •. ~4; '.sx=1.04; n .. 76). The two runoff 
( 

plots, have slopes of 9.8 0 and 19.5°, both within one standard deviation 

of the mean. The tundra has a mean slopé of 16.1° (s .. 4.75; âx=.20; n 

;.;, 24); the tundra runoff plot ha s, a slope of 13.5"", within one stàndard 

deviation of the mean.-

Within the primary contr1b~tin~ area, plant ,commun1 ties' occupY 

si'tes -with different slop,es and aspects. The hourly exposure of direct 

sunlight on the plant commu!1it1es, was calculated in order to de~ermine 

how 're'presentat ive the' aspect of the runoff plot slope Is of the plant 

commünity it represents. Only one .day during tl;le melt period was usecJ 

to determine' the houtly exposure Qf direct su~light on slopes of 

different aspect,' within the catchment. The 15 May was chosen ~s it was 

" , 
approximately halfway, through ~_he ~lt periode The hours of Sunrise and 

sunset were "0345 and 2000' hours, respectively (U.S.' Navy 1960). The 

, > 

a;L-titude of the sun at different tilIIes was ,derived from the f~ll<?wing , ; 

equation: 

~ln<X.. .. Sin ~,' sin4 + cos,~-cosf,co~J 
where: C\ - angle between the direction of radiation and the 

, 
horizontal surface , , , . 
s • the suns 'declination 

~ ". the latitude 

> ., :r .. the sup's angle hour (Raudkivi, 1979) , , 

, ' -

.' 
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Direct sunlight 18 defined ~s that st'riki'ng a slope between 45° and a 

line perpendicular to the s19pe. Areas wit~ very similar aspects in the 

phnt communities were def.ined from the inap; each area assigned an 

--; aspect. and mean slope -gradient. lAt 'hourly intervals between 0500 artd 

1700 hours measurements were taken for 6 fQre~t si~es, 8 woodland sites 
" 

and, 6 tundra si tes. In the forest the runoff plot slope rece i ved 7.0 

hours of direct radiation;. the ,ni~an, value: for the plant community is 

7.83 hours (-s '" ~69, sX"'_ .28> n ~ :Although ~h~ runoff,- p~ot recei'l/ed 

less direct radiation than. most of the forest areas it is thought 

because-of the relatively den~e g.rowt-h of white spruce that the differ-

'ence exhibited between the runoff plot -and the rest of the 'pla'nt coro-

munit y may be negl1gible in teI'1;Ds ,of tts direct impact on the intensity. 

of snowmelt. 

The woodland runpff .plpt slope received 8.0 hours of direct radia-

tion somewhat less than, the DJe8n value (x ... S .62, S" 1.93, sx - .68, n 

",' 8) but wlth1n one standard- deviation o~ the meap. The tundra runoff,. 

plot received 7.0 hours of direct radiation; the mean value is, 7.16 

hours .(S = _T.62, s1è" 1.48, n '" 6). 

.:,' , 
2.4.1 Construction of runoff enclosures 

The plywood' sides of the runoff plot enclosures wer,:! entrenched 25 

to 30 cm below the ground surface; approximately 30 cm of the plywood 

protruded above the ground surhce. This was sufficient to contain and 
" 

lsolate the saturated flow within çhe'~unoff plot from thafr outside the 

'enclos ure. Ta redu~e ·channelling of snowmelt water along the inside 

wall of the enclosure's, the fénce was cotlstructed such that it ran f1u~h 

, 
; 
1 

, , 

-\ , ' 

1 ' 

" 

. , ,. , , 
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to the ground surface ,along the inner perimeter of the plot. To reduce .. 

heat absorption by the plywood during the melt period, the walls of the 

enclosure were covered with white 6 mil plastic. The' outer walls were' 

shored up with rock' and soil and ôraced w!th wood where necessary. 

After construction of the runoff plots was completed, each site- and the 

slope. from lake~shore to ~op of the slopé' were surveled using a ,theo-

. doUte and standard surveying techniques (Bouchard and Moffat, 1972)'. 

!l'he. enclosures were constructed such that at. the downslope end of 

the plot meltwater would be channelled through two. 12 cm diameter ABS 

plastic tiles which in turn drained into the V-notch weirbox. Each 

weirbox was equipped with' a ~elfort 5-FW-l continu~us water level 

-. 
recorder fitted w!th manually wound 2'4"':hour clocks. The water levei 

, ' recorder wa~ housed in a plywood box mounted over the weirbox. 

2.5 The field BeaSOn 

A report on m~isture migration from moss to the snowpack in th'e' "' 
, --

interior of Alas~a (Santeford. ~978) states that be-tween 25 and 30% of 

-:-) the winter ~nowpaÇ'k w~ter equivalence Is derlved from moss via vapou~ 
-, transport, flux. Occurrence of this process would alter snowpack and 

snowmelt runoff chemistry. As a major purpose of this researcp focuses 

on understanding the physical and chemical interaction between meltwàter 

,runoff and the organlc strata of the base of the snowpack it was impera-

tive to determine if the moisture migration as reported in sub'arcÙc 
. \ 

Alaska ()ccurred at the study site and, if so, !ts significance to t;he 

water e"quiva'lence of the snowpack. 

'.~ 

. ," 
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Ground vegetation (moss and/or lichen), Mor and sail sampl~s --we.re, 
F -

taken from 35 sites on the basin during early November 1979 and again at 

snowyear at the end of March 1980. 

--------

"Jo. ... 

With the ~on of 2 sites located within 5 m of each of the 

runoff plots,-th~ ites were se;Lected ln -s ,~tra'ti_fiedo, - _-.:'-, 
e. 

random fashion. The nw.nber of sites - within ch plant community Is a 

~'----area wh1Ch---each communi ty 

-------
, ----. 

function of the pe,rcentage of the total basin 
..... , 

occuples. 'J1he two sampling dates were critical perJ.ods in thè', s~ow.:. 

~year. The November sampling was initiated immediately following the 

first major snow storm which remained on the ground. Up to this time, 

minor amounts of snow had fallen and melted, contributing to the vegeta-

tion and soil moistuFe content. The second sampling date was as close 
, ~~, 

to peak snow year as possible, Ji thou t interfering with the snowl?ack 

chemistry and water .~quivalence sampling • 
• 1 

To determine. p~rc,ent moisture content, samples taken on both 

sampling dates were weighed, and reweighed after being oven· dri-ed fo.r 24 

A second" purpose of this sampling schedule was to evaluate the dis-

tribution of concrete frost formation in the surface sail. 
~ 

It 19 reported that during spring melt in the eastern subàrctic, 

'. _ . the sail remains frozen and, 'as such,~ infiltràtion ~f meltwater is (neg-

~1e (Pri~e, '1975, Fttzgibbon, 1977). The impenqe.bilit~ of the SOil-

/ 

.:: 

" 

'" 

7 

, . 

\ 
,\ 
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during this period of the year is reportedly dué ta the formation of 

concrete f·rost. As ground fros t of :.this nature impedes wate;r movement 
y 

thr~oug,~ the soil, i,ts spati~l disuribution in ~\te ea'tchment withi'!1 eaeh .. 

plant eommunÙy ls of prim.;lry interes t. It was \hypothesized that' sail 
1 

moistuI'e content would be significantly higher in the areas with con

crete fr~st Jt'ha'n in ,~,:~ose areas-speeifically on ,the upper portions of 

st"eep SlôP!s--where the frozen sail had a freeze-dried texture (observed 
" 

during the spring of 1979). The "freeze-dried" sail crumbles when Com-

pressed, the "concret'e" frozen sail requires substantia1 force from an 

axe ta chip _portions from the ground. 
- - - .. " .. 

Priee and Hendrie (1983) define" "~,. 

co~crete and honeyeomb frost. The former' a result of rapid freezing in 
t> 

very wet sail; the latter a product of the ,sail, being relative~y 'dry on 

freezing. The frost formation on porous, weIl drained, organic :.rich 

sail tends ,to be honeycomb. The March sampling date w~s suitable for 

determining the maximum distribution of conerete frost. 

. ~.5.1 Snowpack temperatures 

In' order to record the temperature at the snowpack base and approx-

,ima t.elY /~ne half 'way up from the 'ground surface, precalibra ted Feriwall 

ther}ll1sters were installed in the ~snowpaek beside each runoff plot 2 

weeks before "the melt began in t,~e tundra. Three sites were chosen at 

each plot, ,one at the downsl?pe end, one at the upslope end, the third 

site ,,equidistant between the others. 0 A Digital multimeter was used to 
1 

1 
'Jiead the resistance on each thermfster which was later converted to the 

correct temperat~r4j!. '.. The 'prim~rJ; purpose 'of measuring snowpa~k tempera

ture was to determine when' the - snowI?ack was approaching O°C and if 

, . 
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freezing,temperatures would occur in the snowpack and at the ba~e during . .... ~ 

the melt per!od. Temperature readings ~ere taken each day' fro,m instal ... 

lation \Jntii snowmelt began, after which readings'were taken up tQ three 

times a day. 
, '- -, 

2.5.2 Sno~ack samE1in~ ., , .. , 
, .. ,'{...\ 

.. 
Surveys were conducted at peak snowyear to assess the "water ,equiv-

alence. ~nysical structure and chemical compositio~ of ~he snowpack. 

·2.5.2,1 Water equivalence survey 

Water equivalence measurements were taken in th~ portions of the 
" . , , 

basin Whicll.flow directly int~ the lake during sprlng' m~i.t.,:~ A Mount 

Rose snow tube was used to collect samples taken at 5 111 intervals 'alang 

21 transects, Most of whic~ extended in a straight l±ne from the shore-

line to the bord~r of C the catchment; a total of 360 'samples were taken 
~ . 

(Figure 2-3). 

"': The, shortcomings of estim.at;ing wat~r 'equivalence with Mt. Rose snow 

tuoes'are reported in Priee (1975) ànd Granberg (1980). A common re-
" 

ported error is 7%.overestimation of a~tual water equivalence (Grà~berg,' 

Pers. Comm. 1981). The Mt. Rose snow tube used in this study was cali-
~. t ' 

Yt:r 
brated and fbund to overest,i~atë the snowpack volume by between 5 

• 1 

and 8%. The tube was calibrated ,initially and at the end of dally 
\ 

~ 

sampling periods by weighing samples taken in the tube, then dep'6si ting-' 

the contents ln a plastic bag. The sample was later Mel ted and the 

volume measured in a graduated' CYl~er. " The appropriat~ correction 

factors were applied to each set of samp1es. 

,', 

---oc , 
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, , 
2.5.2.2 Snowpack stratigrapby and chemical composition 

At peak snowyear, in early April :1-980. ,50 snowpits were dug at '. 
o 

various ,sites throughout the catchment (Figure 2-3). Seleètion of 40 of 

the sites was done 'using the stratified random selection procedure 
1 

mentioned above for choosing soil pit sites. The remaining 10 pHs were, 

. 
dug near the base and upper end of each runoff plot, care beJ.ng taken, 

• ........ > •• 

not to disturb the snowpack within the enclosures. The snow pits vere 
~, 

dug within 5 m of the plots. 

'The physical ostruc'ture of the s,nowpack was determined by -employing , 
a J snow-kit' designed by the National Research Council; the methodology 

involved being described by Adams' and Barr (1974). .,Depth, density, 

water equivalence (depth x àensity), température and' dominant grain s~ze 

wer~ noted for each layer. For chemical a:nalysis, snow samples were 

, . ( 

taken from layers large enough ,to sample (greater than 5.0 cm 1'n 

,thickness) and placE:d i!l ctear. p1~s tic bags. . Snow' was scooped into tbe 

sample bag by .hand which was encased in' a c~ear, clean plastic bas. 

Separate bags were used 'to sample each layer' in a snowpit. A maximum of 

5 samples we-re taken fr.om each 'pi t. 

Th~ cheiniêal data derived fr,om the snowpits were used to determine 

the che'!lical composition of the snowpack.. 'Composi.te chemiéal concentra-

tions were found for each ~nowpit 'by computing weighted means.· To 

determihe the ionfc mass fo'r P, N, Ca 2+, Mg2+, Na+ and K*" in the snow-

- ,pack the average snowpit nutrient concentration waSt determined for each 

plant community and mu1tiplied by the plant community water equivalence 

det~rmined from. the Mount Rose ~~ow tùbe survey. The chemical composi-

tion of the snowpack with1n the runoff plots was determined in a similar 

: 

1 
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manner excep-t only the snowpits located, besidè the plots w~re used to 

d~term1ne 'the ,chemlcal concentration. The 0' si~éS sa~Pl~d ,~ithin ëach 

runoff plot uslng the Mount Rose snow tube were used to determine rûnoff 

plot water equivalencej cQmb.ined with the snowpit, n~trient 'conc~ntra- ' 

tlons., the mass of each' nutrlent 'pres~~t '~n' the runoif plots wes :'calcu

/ 
latëd~ / 

f· 

~t~a))gy o,f 
'- ~ 

, . 
A second purpose behin~ the s8!D-pl1ng the snowpaok Tfas 

to identHy horizontal and vertical, ,chell!ical ya,riattôn within 'the snow-
. 

Stàtistically significant variation among plant com1l1unity snow-
_ ' "7 1 

p~cks w11L indicat~ 'l'!nr~chm~'\tt du~ not i:o atmos'pl;;;;ic ,sources but 

/' \\~ 
, sources, within the' catch~rft. ;Statistical tests performed to determine 

nu'trient' concentration variation among si tés within the' same p1ant com

m~ni,ty were useful as "a measure of --cOQ~idence in the mean values used t;o 

. . / 
determine the mean nutrient snowpaék concentra~ion for ;eacb, plant. com-
. . /.' , 

munit y • Th;ls would' prove very ;usehl in the later work examlning the 

nutrient mass balance ~he difterent plant communities duriR8' 
• ' • 1 

spri~gmelt. Of particular interest 

"of the runoff plots (extrapolated 

wàs\ how representative,t~e chemis:ry 

from nearby snowpits) were of' the 

'" , ' 
'plant communlty snowpack' they were representing.' 

, 
Analysis of variance was performed to élètermine the var~atlon among 

s-ites within the same plant community. snowpack., The t-statistic Was 

employed. to determine if significant differences existed befween plant 

communi ty snowpacks. As there was some consistency of stratigraphie 

l~yerlng within the snowpacks of the ,forest and woodland, samples from 

the same layers (presumably resulting from the sama stoms) could be 

taken and stratigraphic layers coqld be compared among different-

snowpits for both, physical features and chemistry. 

. " 

" 

" 
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While In,t~mmùnitY comparisons for woodland and fore'st snowpacks • 

ax:e possible; intercouUnunity eomparisons of stratigraphie layers within 

, ke the ,snowpack b.~come diffiètjt. J.II greater the difference in roughnèss 

1 
factor cr,eated by the vegetation, the more dissimilar the physical 

.. j, , 

\ l ' 

'structure of the snowpack'-;-----h the roughness factors of forest and 

woodland are superfieially similar at Most sites, comparisons were 

possible between stratigraphie layers. 

'2.5:3 Sprfng melt 

The melt period lasted almost 7 weeks on the Elizabeth Lake basin 

from approximately 21 April ta 11 J~ne 1980. M the melt period was 

.characte~i~ed by- alternating cold and warm periods, the 'sampling 

sehedule reflected the weathe.r. During peak melt at each runoff plot 

seve~al'samples were taken each day. 
I~ , 

During periods of very low flow, 

only m:te sample was ,taken 'per day. 

At the runoff plots, water samples were taken at the discharging 

end of the plas tic tHe, at which Ume the flow rate ws noted using 

stop wa~ch and à plastic 500 mL graduated eylinder and reeorded on the 

wa~e~ levël recording chart. 

Samples were collected in l L plastic bo.t~les which were prewashed 

in a 5% solution of cane. HCL and rinsed weIl in distilled water. prior 

to eollecting the sample, the, bottles were rinsed twlce with 'sample 

water. To allow for expansion when later' 'frozen, 
1 • 

the bottles. were 

filled with 750 mL of samp,le.' A strip of paraf;l.lm was placedr over the 

open mouth and th~ cap scre:-red on slowly in arder ta' prevent perfor!ition 

of the paraiilm strip. 

,the McGill Station. 

The samples were stored in freezers at -15°C at 
J' -. 

\ 
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Temperatures of the snowmelt water were recorded when'samp~es were 

taken uslng a calibrated YS! probe. 

2.5.3.1 Snowpack diversion layer sampling 

A, h~mogeneous snowpack such as described in the Priee et al., 

(1977) - mod~l for snowmelt in the subarctic near Schefferv·ille wa,s not 

found in the Elizabeth Lake basin. Instead, stratigraphie layers 

displayed a wide range of densities. This heterogeneity resulted in, a 

destructive metamorphosis process in the snowpaek of the opén and closed 

spruce plant communities. Al though this will be discussed st some 

length later in the -thesis, a short description is necessary in order to 

expIàin the sampling procedure employed. 

The me1tlng pattern for a homogeneous snowpack described by. Priee 

(1975) Is obeyed within the surface straÙgraphic layer, if the layer 

.beneath it has a significantly greater,denè1ty. When th~ hydraulic head 

increases (i.e., -the sa~uratéd layer increases in-Elepth),' the water in 

the saturatep layer flows slowly downslope. When the dense snow layer 

beneath the saturation layer'has deteriorated due, in part, to increas-
1 

- ing ambient temperatures and to the heat from the melt.water in the 

saturation' layer, me-ltwater will begin to percolate into the denser 

secondary layer. The process continues down througtlf the showpack', 

depending on the densities and porosities of the different layers com-

posing the pack. Sampling of this meltwater accumulating ln the primary 

layer was· accomplished by inserting a glass funnel (pre-acid washeâ and 

~el1 r1nsed with distilled water) irito the base of the saturated layer 

and slmultaneously directing the trickle of water Into a sample bottle. 

- , 
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The saturatéd layer was t~pped in this fashion until approdmately, '30Q, 

ml of sample was collected. 

2.'5.3.2 Lake sampling , 

Elizabeth Lake was sampled f~ve times jonce, prior to the melt -r-

pe'riod on· 15 April ÙSO and' four ~i1tiéS'-during the melt: 6 May ~9'80, 18 
, :;. , , 

May 1980, 2 June 19-80 a'nd !-'J'une ,1980. The last sampling was, the day, 
, , 

before the candled black tce cavet" was, _ broken up by s trong winds" J 

, 

, -- .Eight sites on tne iake -were cho,sen for sampling, selected sub-

jectivèly such that interaction between. snowmelt runoff and the lake' 

water could bè best 'examined (Figure 2-3). The major basins of, the lake 

were representea as weIl as sorne sites closer ta shore • 
. 

lt was nypothesized ~hat during the spring melt, the 

, horizontal continuity of chemical concentrations at 

làke in othis' .portion 'o~' the ,subarctic is invalida 

of sampling a lake, at one. location usuaÙ'y at the deeI?est spot, -

fis.bly used b.y limnologists during stable periode of a dimict,ic 

annual çycle,":" was abandoned in favour of a sampling procedure 

orlented 'ta the spatial interaction between" snoWlllelt water' 
, " 
" water. " 

each 

, 
2 L Van Dom, water sampler from , 

o Lake wat~r ,was ,COl~~ctjwith a 

si-te· at the 'black ice, lake water interface, 0.5,. m; 1.0 m, 2.0 m and , " 

at 1 m intervals, until either t~e bot tom or 10 m was 'reached. 'Below 

th'la depth, samples were take,n at i2 m, 16 m and 22 m. 1 , 

.samples, for nutri~nt analysis wet:e âtored in 1 L plastic battles, 

t\ 
and frozen at -15°C sh'ortly after collection • 

.. 
'. 

'. 
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Water temperatures were taken at ,eaeh, site uà1n~ a ·preealibrat.ed 

YSI te1ethermometer (model T 2475). Readings were taken at .the black 

ice-Iake water interface and at 2'.0 cm intervals to a depth of 0.5 m, 

thett at 1.0 m and every l m there,after to the sedimënt .. lake water' 
.' 

interface. 

" 
~ .5,.3.2.1: 'l'ransec'-t lake survey 

~tI To evaluate the interaction between meltwater and J.akewat;~r in the 

l~ttorar zone, a series' of four hole~ were dug through the iee in an 

offshore transect irom the forest plot d,uring peak runoff {l, 2, 3 

June). The sites wer~ located 3, 7, 20 and 30 m from shore. The depths 

at each site from the hydrostatic water levei ta the sediment surface 

were 0.85 m~ 1.85 m, 3.80 m and S.O m respectiveIy. The sites are shawn 

in Figure 2-3. Lake sampling s Hes Gand H could be tied into this 

transect ta illustrate chemical variation ;ln the lake from a shallow 

site. 

2.5.3.2.2 Deuterium/hydrogen sampling 

Samples' for deuterium/hydrogen (D/H) anaiyais were collected .from 

the top 2.0 m of lake water using a straight 2.5Q m x 10 cm (dial1!.eter) 

coppèr pipe attached to a pi ne board IllE!asllring 30 cm x 5 cm x 2.43 m. 
. . 

To take a sample the top end of the tube was sealed creating an 

airlock. The sampler WjiS then lawered, through the {ce hole to the 
- 1 . / desired d~pth, ,'.:ne airloek th en removed artd' the salllpler ~i:lled Wit, 1 

water frolO. depth. The top end of the sampler was then resealed, ,the\,' j

sampler withdrawn from the Iake' and the contents emptied into,' :20 'ml'\ 

., 
. . --_._.-.. __ .. _.~ ..... _--~--~._._ ..... ~ ... "-~ .~ 
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glass sc;int;i~lation vials with plastic Beds to prevent ration .. 

From depths greater 'than 2.0 m, samples for D/H analysis were ta en wi th 

the' Van -Dorn water sampler. Samples were stored· at room ,temperature 

~~tl~ a~alysis. \ 

On ~ach' sampl1ng date water for D/H and major cation analysis was 
, , 

extracted from 'each site. Conductivity of each sample ,was read and, pH -

" ~, . 
of selected samples was taken. Samples were taken from the black ièe-

, ' , 

lake wat,er interface, .05' m', .10 ro, .25 m and' down in in'crement'l'I of .25 
, . . 

m until either the sediment or the 2.0 m dep~h was reached. The,copper 

, -
pipe described above was ~sed to/gather sample'for D/H and major cation 

analysis. BelQw 2.0 ni at t'he 20 and' 30 m offshore site.s, samples w~re 

taken at 1.0 m int~rvals ~o the lake sediment using a V~n Dorn sampler. 

2.5.7.3 Surface inflows and outflows du ring snq,r.rme1t 
• 

During snowmel t, 'one perennial, two intemi t tent _and' nume rous, 

ephemeral streams dr~in into Elizabeth La~e. Thé lake Is drained on the 

lIurface by a single perennial outflow. Groundwater movement was oot 

Ùwestigated; Rigler (Pez:s,. Comm. 1980) reported that water balances 

càlculated for Elizabe~h Lak~ during the summer months indicates grouod-

water flow does exist but 'represents a very small portion of the annual 

hydrologieal budget. Calculatioo 9f the residual term in the hydrologi-

cal budget cao be done in the summer with error recognizable in the 

~ 

evapotranspiration and evaporation terms of the hydrological equation; 

'during snowmelt how~ver, the èrror involved in estimation of the daily 

Influx,to the lake of snowmelt water may offs~t or negat~ny attempt to 
, '~' 

, . 
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, estimate groundwater contribution ta the water baliince ~f'it_!zabeth ,. 
" , 

1 
Lake. 

'," 

_Stream discharge f~om Elizabeth Lake, was nieàsured on 14 occasions 

'. during the springmelt: Il 2, 3, 10, 14, 19, 20, 24, '30, 31 Mq.ya:nd 3, 4, 

. 5, 7 June 1980. Measurements supplied by Rigler and Barr, (unpubl!shed 

data 1979-1980) indicate pre-melt discharge levels, for c~mparison with 

snowmelt runoff Ieveh. Discharge was measured along a portion of the 

stream whlch had weil "defined \ banks, using a' dye dilution) technJque 
f 1 

1 / 

described by ~urch and K~llerhals (1974)\. Prior ta addinJ the ,?ye to 

1 • 0 \ / /, 

the stream, four ~amples were taken, one for chemical ana/SiS and three 
• 1 

/ 
'. for background optieal density readings ~ Stream., tempe rature ,was t~ken 

using a -precalibrated thermister. The sampling station was located 

approxi.mate1y 15 m downstream from the dye so~rce, to ensure tbat the 

dye was' well mixed in the stre~m. Samples downstream were collected in 

prewashed 200 ml plastic bottle~ every ~5 ,seconds. op~ densities of 

a11 samples were determined in the la,boratory in Schefferville using a 

Bausch and Lomb 100 ,spectrophotometer at 566.-5 nm. The following" 

equation was used to determine the discharge:' 

Dye optieal density x pump rate 3 1 
Stream ·dlscharge· - • m .min-

stream opti~al density 

where: Stream optJcal density ·'optlcal'density of dyed stream 

water - optièa1 'dens! ty of b~ckgro4nd sjl1IIple. 

.' 

• 1 
, , 
4 

" 
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2.5.3~3.1 Inflowing m~!twater ta El12ab~th Lake 
\~ )~~ ...... 

l ' 
The EI!zalteth Lake terrefl'triâl catchment was div,ided into two areaa 

"of' snowmelt water discharge: 1) th!;! primary ~ontl!ibut1ng area, where 
, ... _..:\ 

the ,meltwater reaches the lake direttly by overland flow or 'Via stream-

flow and 2) the seconda'ry 'drainage ~eas where the meltwater ia pon!ied 
"-

and reaches the lake only by groundwa~r. seepage. The hydraulic êon-

L ' 

ductivity of the bedrock is not known but 18 assumed to be' slow enough ' 

tha~ the 'water would not cçntribute slS?:L.ficantly to the lake during the 

study period. 

The ,methods' involved in calculating th~ inflow from the one 

perennial and two intermittent streams ls discussed in detail in Chapter 

3: l A calculàtion, derived t,rom the hydrologlc~l' data Ot the meltwater 

runoff plots is also, presen~ed to ïiccount for the dai,ly. contribution of 

overland flow directly ta the Iake. 

2.0 Laboratory analysis 
, 

AlI water samples w~te stored in freezers at -15°C in Schefferville 

undl such timè as the analyai~ could begin. When 'phoephorus (P) 

analysis began the samples wet:e thawe,d, aliquots ~f 200 ml and two, 22 

ml samples were taken for nit,rogen (N), major cation analysie and con-

ductivity, respectively.,' The N eamples were refrozen in prewashed 250 

ml'nalgene bottles. A drop of HCI ~as added to each plastic scintilla- ' 

tion vial containing the sample for major cation analysis and refriger-

ated at 4°C untii analyais could be performed. 

,Snow samples were melted at room temperature (.!!pproximately 20°C) 

in the plastic bags in -which they were sampled and funneled i'nto pre-
l, 

/ ' 

, 
1 
Il 
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, ' 

washed 1 L plastic sample bottles, from which aHquots weJ;'e drawn for N, 
, . 

major cation and conductivity ~nalysis. The remaining sample was used 

for P analysis. 

2.6.1 Phosphorus analysis 

lt has been recognized that freezing w'o~ld, likely inc~ease the 

phosphorus (P) concentrations 'in sampies f,rom the upper few. metres of 

"-
the Lake as the planktonic organisms would rupture upon freezing. "n'lis 

recognition was born out in the two samples taken ta check this. ,On 7 

May the s~mples taken, from 'the surface and 4 \Il at site E (Figure 2-2) 

were split into two sampl.e bottles. 
.' . 

One' bottle 'from eâch depth was 

,frozen at -150 and th~ other was refrigerated at '4°C. With~n 24 hours 

the samples were analyzed for T'P (t;ota.+ phosphoTus) and TnP '(total 

dissolved phosphorus). Tb!! TDP of, the froten sample' inc,reased' ~Y 5% fO.r 

the sur.fàce sample ,and approximately 2% in the 4 m sample. Triplicate 

sUbsamp,les we~e extracted from e,ach sample' to 'detérmin,e repl1ca,bil1ty o,f 

the method of ap,alysis as it 'was assumed' P concentration in each 

subsample would be equal. 

Similar tests on samples taken at eariier dates were' not done 

because phosphorus analysis could not be conducted until after 7 June. 

'" .. 
Samples could have been stored in the refrigerator at 4 ~ from othe..r. 

sampling dates and an~lyzed at a later date, however. it ~as felt that 

the incubation time-' in the reftigerator would have had 'unnatural' 
',' 

, effects on the sample and the P èoncentrations woüld have, 'been 

unrepresentat1ve. 

\. " 1 
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Table 2-2. Increase in total dissolved 
phosphorus* concentrations due 
to' freezing lake water samples. 

Ijlurface 

4 m 

refrigerated 
frozen 

refrigerated 
frozen 

*AlI values in~g L-l 

x Tl' 
.6.60 
6.56 

16.Q3 
15.93. 

-x TDP 
2.12 

, ,2.20 

'7.59 
7.74 

" 

Phosphorus analysis on aIl water and snow saniples w8S conducted' - st \ 

the McGill Subarctic Research Station. AlI snow, meltwater, streamwater 

and selected lake samples for P, analysis were split into two. Ralf .of' 
. ~~ 

the sample was filteréd through prewashed .45)1.11i millipore filters for 

TDP analysis. The remaining' unfiltered portion was used 'for TP 
. ' , - , 

analysis. De-ionlzed water was filtered through pre~hed ,miUipore 

fUters to determine patendai P contamination resulting from. this, 

source. Golterman (1970) recommenda this method for iI).itiall~ ,reducing 
• 

the contamination caused by the membrane fiiter and secondly determining 

a correction factor which can be applied to other sam,rles. Three 

filters per run were testédj there waS littie variation frbm the P con"': 

centration of the b1anks. The error in the P analysis never exceeded 

2%; this figure i5 based on triplicate standard results. 

The persu.lfat·e digestion technique follow5 the fnethod of Strickland 

'and Parsons '(1974», further modified by Rigler (prepas and Rigler 

Pho~phorus was analyzed on a Bausch and Lomb 100 spectro-

phatometer at 885 nm using a 10 cm path length glass cell. 

. " 
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2.6.2 Major cation analysi~ , , 

, 

!1l major cation analyses ~ere' 'con,ducted on unfiltered $amples in 

Montreàl. A perkin Elmer atomic ~bsorption spectrophotameter .was u,se'Cl 
" ... l , 

'ta determin,e specifie. concentrattons of C':l2+, Mg2+, I(f' and Na+. The' 

;. procedure is outlin~~ in Perkin Elmet' (1976). 

2.6.3 Ammonia ana!ysls 

Analysis of ammonia fol~.Qws the manual method fpund in' Stainton et 

al. (l97?). Unflltered samples were read on a' :Bausch and Lomb 1'0 

spectrophotometer a"t 640 nm. 

2.6.4 Nitrate and Nitrite analysis 

For N03-N and, N02-N analysis, the manua! method described by 

Stainton et aL (1977) was followed. The reduction efficiency of the 

cupric sulphate .treated cadmium columns was frequentIy che~ed using the 

standards. Efficiency of the columns never fell below 98% during the 

period of analysis. A Bausch and Lomb 70 spect~ophotometer at 543 nm 

was used to determine absorbance of the treated samples using a 1.0 cm 

cuvette. 

2.6.5 Conductivity 

Conductivity on all water samples colle,ct;ed in th.El field· was 

measured at the McCil! Subarctic Research Station. Samples were slowly 

warmed to 25°C in a water bath bElfore ,reading. The meter, a Markson 

electromark analyzer WilS zeroed with distilled, de-ionized water at 

0' 

'- , " , 
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pH measurements were mQstly made at the MeGi11 Subarctic ,R~search 

Station .as saon as possible aft~r sampling. When transportation of 

samp.les baek t-o the lab was imposs,ible pH measurements were read in a 

cabin at Elizabeth Lake. A Fisher (model 210) pH meter was used, I4th 

4.01 and 6.0 pH buffers. While the measurement was taken, the sample 

was continuously stirred with ~gnet;:ic stirrer., The tetIJperature of the 

'sample when measured fo~ pH was that (or wauld saon be in the· case of 

s now) of the envi ronmen t • The ,temperature of! snowmelt water was 2°C 

when the pH' was read. 

2.6.7 ' Deuterium!Hydrogen anal'ys'is 
" 

. ... 
,r 

Analysis of 'D/H samples was done at.\ Lamont-Doherty Geo.).a8.ical 
, , - " 

Observatory, Pal1sades, New ··:Y:ork. Water . samples were cO'hverted 
~ -

\ 

quantieatively to 'hydrogen gas using a uranium fu'rnace at 700°C. The 

ratio of DH' ta H2 was. meâsured on a 3 inch Nuelide mass speetrometer 
\ 

with dual colle ct ors • Samples' aré reported relative ta SMOW (Standard' 

me an ocean water, Copenhagen) in per mil as follaws: 

(D/H) sample - (D/H) SMOW 
0/00 .. ----_____ _ X 1000 

(D/H) SMOl-l 

. . - -- ~,.-----

, . ' 

, , 
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CRAPTER.:t 

SNOWMELT RUNOFF HYDRO(OGY 

Introduc tio,p 

This chapter will examine the hydrologieal components of the study, 

sueh as the formation of the snowpack, the physicill eharaeteristi~s of 

the snowpack at peak snowyear, the effect of snow s~ratigraphy on snow-

" , , 
melt runoff and predieted impacts of the diversion of substantial quan';' 

- tities of snowmelt runoff downslope prior to reaehing the snowpack , ' 

base. As weIl, this chapter examines the areal distribution of concrete 

,fx:ost and "freeze-dried" frozen soil; 

f~ozen soil is assoeiated with extremelyc 

tratien. 

the occurren~ of "concrete" 

o / 
low rates .df meltwater infl1-" 
r' ~' , ' 
11r...'" 

By assessing the hydrologieai input ta the lake during flpringmelt 

ft ls possible to calc:ulate nutrient, mass balances and thus asseas *the 

importance of snowmeit runoff in' the nutrient cycling of the terres trial 

and aquatic components of the cat~hment. 

This chapter also defines the four subbasins within the Elizabeth 

Lake basin wherein discharging springmelt water ~s either measured or 

" calculated. The means of measui"ing the diseharge from these four areas 

is discussed. A hydrologiesl ealculation incorporating the daily runoff 

is formulated to compute the daily addition of snowmelt water runoff to 

the lake from thtt- large portion of the terl!'estrial catchment draining 

directIy into the lake via overland flow. The end result of this 

èhapter is a hydrologt'cal budget on a day to day basis of water movement 

tn the entire Elizabeth Lake catehment., 

( 

, , , ~ .. --.,-
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, 



( 

- 64· -

J.2 The snowpack s __ \ 

The mean monthly' snowfall for the snowyears 1955-56 to 1979-80 

. recorded at the McGill Station al:" Schefferville :l.s illustrated in Figure 

3-1. The snowfall for the 1979-80 snowyear is included for comparison. 

With the exc.eption pf January !!nd May the monthly recorded 'snowfall ls 

within one standard deviation of the mean value. During January and 

'May, the r:eco~rded snowfall' sign1flcantly exceeded the mean monthly 

recorded values. 

Snow surveys were ca~ied out at, peak snowyear such that both an 

accurate estimate of t'he sn~wpack water equivalence and snowpack chem-

istry could be made prior to the onset o,f spring melt. Accùracy in 

these.estimates before the snowpack beco~es ripe ls important for later 
, 

formulatlng !lccurat~ and meanlngful hydrologieal and ehemical mass bal-

anees 'between 1) the snowpack and the resuI~lng terres trial runoff and 

2) between the snowmelt water draining into the lake and lake discharge. 

Peak snowyear ls defined as the time in the year when the maximum 

amount of snowfall has aeeumulated. Aceording to the weather records 

and snow,Fover data recorded by-the McGill Subarctic Research Station ln 

Schefferville, peak snow year occuts between early and mid-April. 

Recorded temperature differences be'tween Elizabeth Lake and the HcGill 

-Station in Schefferville indicate\ a cooler climate st the study site. 

~able 3-1 il1ustrates the ~~enees in recorded temperature between 

the Elizabeth Lake basin and the MeGill St'ation. It should be noted 

that the thermometer used at Elizabeth Lake was not a maximum-minimum 

thermometer and was not housed ln a Stephenson screen, but rather hung 

in the shade on the braneh of '8 spruce tree" approximately 2.0 m above 

• 
! , --
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Figure 3-1: Snowfall'recorded at the McGill Subarctic 
Research Station for t'he snowyears: 1955.!56 
ta 1979-80 (inclusive) 
Legend: + mean value; l 1 standard deviatian 

Q recorded value for 1979-80 snowyear 
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Table 3-1. MaXllllU1II duly temperatures recorded et 
• ScheffervIlle and Ellzabeth Lake. 

( 
- -

~ 
Dally maXlmUII 

Scheffei"v llle El1zabeth 1.ake 

february J' -'-
i~~ 

10 -16.4 Oc -17.8 Oc -. 
11 -16.6 Oc .18,9 Oc 
12 -15.0 Oc -14.5 Oc 
13 -17.0 Oc -19.2 ·c 
14 -12.8 oC -14.5 Oc 
15 -16.8 Oc -16.5 ·c 
17\,- -18.2 De -21.0 "c 
lB .:14.0 oC, -17.5 Oc 
19 -',1.5 Oc -14.3, Oc 

-''1'~ ...... 
March -t 

"-~~, 
-20.8 Oc -23.8 Oc 

'-17.4 Oc \ -19",9 Oc 
4 -14.6 oc -14.3 ·C 

,5 .. -19.6 Oc -22.0 Oc , 
8 -23.2 Oc -26.1 Oc ,\ 

10. -13.0 Oc -11.1 Oc 
Il -1.9 Oc -5.0 Oc 

J' 
. { 

Hay 

1 8.4 Oc 6.2 "c 
Z 13.7 Oc 10.1 ·c 
j Z.1 ·c 2.0 Oc 

\.. 1 
" .1-o. 

l 
~ 

J 
~ 
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the snowpack surf~ce. What was assume'd to be the daily maximum ~empera-

ture was recorded shortly alter the 6un was at its zenith. These 
, , 

recorded temperatures indicate that the Elizabeth ~ake sit~ is CObler by 

approximately 2°C. The more elevated location of Elizabeth Lake (69"3.5 

m.a.s.l. as opposed to the MeCill Station'~ 503.0 m.a.s.l.) may partial-

ly explain the cooler elimate as the dry,adiabàtiè lapse rate is loe per 

100 m. Observation of the làtter stages of the 1979 sp~ing melt bath at T---

Schefferville and Elizabeth Lake help confirm this. Portions of th_e 

snowpack at Elizabeth Lake in exposed' sites rem~ined weeks after the -
'Schefferville snowpack melted. 

It was therefore decided the optimum date for peak snowyear surveys 

of the snowpack on Elizabeth Lake would be in, the latter part of the 

recorded range, just prior to mid-April. 

3.2.1 Snowpack stfrveys 

Two separate snowpack surveys were condueted between 4 and 1'0 April 

1980. The tirst (4-8 April) involved eVàluating the depth, density, 

water equ1yalenee, ice crystal size and temperatures of the different 

stra't'lgraphic layers comprising the snowpaek. At this time sSÇlples were 

taken from designated stratigraphie layers for C!hemical analysis. The 

. , second survey (9,10 April) was undertaken to evaluate, as accurately as 

possible, the water equivalenee of the snowpack on the terrestrial 

portion of the catchment. This was accomplished by taking integrated 

snowpack samples from the surface to the base of the snowpack uslng a 
\ 

.·Mount Rose Snow Tube. These surveys aided in determining how represent-

, ative the runoff plot snowpack was in relation to th~, snowpack' of the 

plant community in which each was located. 

./ 

, ' 

..;- ''(~~ 
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3.2'.1.1 Snowpack wa ter egu! vli!-lence 

3.2.1.1.1 Contr! bution of water to the snowpack trom ground 

vegetation, mor and ~oil 

A recent study of the transfer of water from moss to the overlying 

snowpack via vapour transport ls discussed by Santeford (1978)., It i9 

reported that ln ):he Alaskan' Interior this procesB is. responsible for 
" 

! . 
between 25 and -30% qf the snowpack' s water egui valence at peak snowyear 

(15 Ap'ril). The calculated contribution ls approximately.3 cm of stand-

ing water. The consequences for -hydrologieal ca1culations were dis-

/cussed by the author. There are severai points worth - mentioning. 

During sprlng melt" the dehydrated moss layer wl1~ reabsorb as ~ch water 

as was lost by vapour transp~rt flux Into the s~owpack. Hence, stream 

'~è to the on~et of melt will be delayed until the water deflcit of 

the moss ls satisfied. This ha:s not only repercussions in terma of, 

formulating water budge~$, but,is potentlally important for those'study-

Ing the chemlcal interaction of snowpack meltwater with the underlying 

vegetation and soil. 

Santeford (1978) mentions the problem of dependlng upon snow course 

data for an aceurate .estlmate of àtmospherlc-derived snowpack water 

equl~alence in plant communitles where bryophytes constit'ute a signifi-

cant P?rtion of the ground cover, ~nd there exis ts a sufficient temper-

ature gradient from the ground to the snow surface to promote vapour 

For these reasons the water content of ground vegetation, mor an,~ 

upper soU were measured at 35 selected sites on the Elizabeth Lake 
ri 

catchment. 

" 

" 

" 

" 
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'The reaults of this survey are presented in' appendix'~. ,A t-test 

, (Freund, 1972) wa~ ~mp1oyed to dHermine if the water ,contejl'l change in 

ground vegetation, mor and sail frolll November t~ March w!,\s statlstically 
, ' . 

s1.gniflcant. The differences ln ground ve~eçatiot) and mor water conten.t 
, . 

,in the three plant communities ar~, a11 stat,istically signi~icant at, the' 

99% confide,nce interval. Soil water content changes' registered ln tht's 

period of time are statistlcally Insignificant~ 

In a11 three plant communities, the water content· of the, ground 

vegetation and underlying mot' d~creased from the initial sa1ll:pling to the 

second. This decrease, on average, for bath organic layers 18 remark .... 

ab1y consistent. For ground vegetation there ls oa 105s of 10.4, 11.4 

and '10.3% of the water content in the tundra., woodland and forest-

respectively. Ve,t'y- similar losses are recorded from the mor; in thé 

same arder of plant community association these losses were 10.4. 10.9 

and 1l.1~. 

Calculations of the amount of wa~eÎ' potentially contributed, from 

the ground vegetation and mor to' the snowpack during the wintèr period 

from November to March were made by dividing the differences ,of the 

" means of the triplicate samples taken in November and March by the vol-
l 

ume of water present in the original (November) samples. In this man-

er, "the percent age , of water lost from the original samples can be cal- -.-.. 

cu ated. As there is c~nslderable variation in water content in ground 

vege ation and m~r within short distances, as shawn by the range of the 

tripli ate sample values, using both November and Harch wàter content (L 

m-Z) is mportant for a more realis tic estimate of total water flux into 

'the snowp ck. Ta determine the volume of water which migrates into <the 
-". 

,', 

). 

, " 
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snowpack uslng the March water' content (expressed as vo1ume) it ia 

assumed the 'volume of water remaining in the ground vegetation and mOf 

ta equal to the percentage of the original water volume remaining after 

va pour . flu,x. If, for example, the change in water co~tent of ground' 

vegetation in the woodland ls 10.0% and the March water content was 20.0 

L m-2, this' volume ls equal to 90% of the' origfnal sample. A simple 

~ 

calculation determines the initial water content. 

If ~t ·is assumed that aIl of t;he water lost from the ground vegeta- -i 

tion and mor migrates upwards into the snowpack by -vapour transport aS -. , , 

.~ dèscr.ibed by Santeford (1978), the total' volume added to the snowpack 

would be as follows (the first valu~ based on the Novembe'r water vol-

umes; the second based 'on the March volumes); tundra: approximately 

.05-.07 cm,' ~od1and: approximately .05- .08 cm, forest: approxlmately 
" 

.• 05-.06 cm. These f igures r~present e~t remely s'maIl fractions of the 
. 

total water equivalences found in the sn~wpack in the respective plant 

communitiesj tundra: approximately 0.42%, wood,land: approximately O~13% 

and forest: approximate1y O~ 14%. These values are significantly diffe1:'-

" . ent from the values reported by Santeford (1978). Underestimations of 

the water content of ground vegetation and mor 'are possible and should 

not be discounted, however the dlfference between the Alaskan data 

( 3.00 cm vapour flux fro~ ground surf~ce) and the Elizabeth Lake datà 

( .06 cm) Buggests that the phys,ical ~nd climatic differences between 

the black spruee-moss plant eommunity of the Alaskan interior and the 

plant communi tiea of the Lfl brador interior are reaponsiHe. Black 

spruee communities usually inhabit poorly -drained sites. This, 

" -llceompanied by thè, !act that this portion of Alaska has high, precipita- , 

c,"'" 
~~~j) 

,1 



. ) 

( 

tion just p!ior té> the formation of the annual sno,wpack, means that the' 

bryophytes inhabiting these si~es may, have' a higher water content than 

Elizabe't~ Lake ground vegetation where slopes Iess than 8.0% are rare. 

,T~e Labrador snowpack is' much ,deeper than the snowpack 'reported at 'the 

,Alaskan site (Santeford, 1978); this incrèase,d insulation may also 
• 

1 
account for a decteased va pour flux into the Labrador s~owpack • 

3.2.1.1.2 Water equivalence snow survey 

A comprehensive snow survey of the Elizabeth ~ke terres trial snow-

paèk ,was un'dertaken' on 9 and 10 April 198,0. 

Table 3-2 'i1lustrates the estimate of standing water on the ter-

'res~r1al catchment at peak snowyear wi th in each plant cOlll,.,munity~, Thé-

talus dopes and disturbed (roads) areas are included as weIl. At peak 

snow year the mean snow depth (water equivalent) on the terrestrial 

portion of the Elizabeth Lake catchment was 34.2 cm. 
, . 

The runoff e,nclosures w~re sampled for standing water at' peak snow

year •. At 5.0 m intervals, dupl1cate Mt. Rose snow tube samples were 

taken. In Table 3-3 ,the dept~ dens! ty and water equivalence of the 

runoff enclosures ?re' compared with the snowpack results of the plant 

community they represent. T-tests were. performed on the sr.owpack char-

acteristics of the runoff plots and the corresponding plant community 

. data to determine if significant differences exist. In aU cases .there 

were no significant d!fferences Cat the 95% C.r.); therefore ft is 

assumed that the plots are representatiye of the 

correspondi ng plant communi ty. 

sn9wpack 
1 

. j 

/ 
1 
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Forest: 

l>Oodland: 

tJ"dra: 
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Table 3-2. Estimate of stamtrmr'water at peak snowyear 
for each plant canml.ruty on the terrestr.l.al 
catefllnent. 

Water equ.lvalence 
Plant canmullty (m3 x 10 3) % 

Forest 125.1 23.7 
:> \ 

" ltIodland 283'.9 53.8 . 

Tundra 82:4 15.6 

80g 2.4 -./.1 0.5 
. ',\ ~.: 1 • 

Talus 1~ .1 J:O 

DiBturbed 18.2 3.4-

Total 528.1 100 

" 

" , 

Comparlson of snow characterlstlca for runoff plots and average of plant 
canmuu ty. 

Canml.mty Runoff plot 

x . n x 

water equlvalence (cm) 46.86 13.01 105 40.82 6.5J 
densi ty (g/cm3) 0.25 0.02 105 0.27 O.OOJ 
depth (cm) 187 105 150 

water equlvslence (cm) 49.98 21,86 160 37.19 8.5 
densl ty (g/cmJ) 0.29 0.01> 160 0.2B 0.09 
depth (cm) 170.5 160 147.8 

WElter equlI/alence (cm) ,15.26 13.03 J9 11.103 3.48 
denslty (g/cmJ) 39 
depth (cm) 39 

n 

12 
12 
12 .~l 

~ 

_ 12 0 

12 
12 

12 
12 
12 

.-
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3.~ .1.2' 'Snow stratigraphy 

\', " 
F1gur~ 3-2 'lllustrates examples of snowpack 

c 

s tra~igraphy in the 
. ~ , 

three plant commutl.;tties. 'Ihough var'iation does exist within the, strati-

graphie pattern of each plant eommunlty snowpack these three examples' 

are representatlve of such stratigr,aphy. In the woodland, fores t ànd 

tundril snowpacks, 'a total of 45 snowpits were excavated: 29 in the 

woodland, 10 ln the',forest and 6 in the tundra. \ . 

. A student t-test (Freund 1972) was used to deterinine if the're are 

s1gnificant dlf.ferences ln depth, density and water equivalence ln th~ 

ttindr~, forest and wood land snowpacks as represented hy'" the snowpit 

,sites~ Although the statistics listed in Table 3:"'3 show differences 

between woodland and forest for snowpack depth and wat~r equiyaience, 

these differences are not considered significant' at the 95% confiden,ce 

~nterv~l' (CI) t-statistic. Snow depth wa~ ,the on1y pl':l:r-amet~r signifl-

cantly different between the wood1and and forest,' at on1y .the .10 1evel: 

The tundra snowpack showed significan2 dlffer~nces between the 

forest (les~ depth and water'equivaienee at 99% CI, les~ density at 95% 

ci) and the woodland (less depth and water equivalence at
c
99% CI and 98% 

CI 1ev~ls respective1y and less dense at 90% CI level). 

" 

'. 

<' 
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Figure 3-2: Examples of ~owpack stratigraphy in the ~., 1 ~ 
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3.2.1.2.1 Snowpack stratigraphy /lnd implications for snow 

meltwater chemis try. 
. , 

J?uring the first few days of snowmelt in the woodland and forest 

plant communlties in the Elizabet~ Lake, basin the density differences 

e.xisting a~ong the_ stratigraphie layers played a significant raIe in 

,determinillg the route of snowmelt_ water downslope. Vertical unsaturated 
.' 

melt occut:"s in the upper layers of the snowpack unt'n a more dense la~t' 

la met and the resistance created by this' denser layer results in 
, t 

accumulation of meltwater, abov~ the denser layer. Onc-e the vertical , . 
flow has been impeded, downslope flow (horizontal saturated flow) 

occurs. 

Although the downslo'pe flow rate within this saturated layer could 

.-1J 
not b,e measured ~ situ, the thickness of the saturated layer at certain 

intervals along the slope was measured along a 100 m l~o slope in the 

forest eommunity. Measurements werE:.. taken at different intervals during 

th~ time period when this""process was evident. The downslope depth of 
.'1f> 6'" _ .. ~:1 ~ 

the saturated layer was significantly greater ( 8-12 cm) than the up-

slope depth measurement ( 1-2 cm,nea'r the top) thus indicatiniLdownslope 

movement. lt is estimated from the ronoff enclosures in both the wood-

land and fore st plots that the voll!J!le of water discharging from the 

" snowpack during this period of time (1-10 May) i8 5.8% of the total 

volume of snowpack water. During this time, a saturated layer did not 

\ 

exist at the base of the pack and it was assumed that aIl of the water 

diseharging from the pack originated irom the upper part where vertical 

flow was diverted by a denser snow layer. 'Although this volume has 

,little hydrologieal significance it can have major ehemical signifi-

/ canee. ,1 

( 

" 
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Untll 14 May most -~f the me1twater was diverted downslope by layeFs 

of rèladvely dense snow. In the forest' between 10 and 14 May a snaw';;' 

1Ilelt pattern very similar to that des.cr.1bed Dy Colbeck (1977) develops. 

The free water begins to percolate ~hrough the previous (apparently)' 

impervious snaw1ayers. The free water, continues to percolate vertically 

until an as' yet undisturbed dens~ snowlayer impedes infiltration. On'ce 

again the flow is diverted downs~ppe. This process appeared to dominate 

the snowme1t runoff patt~rn in the close spruce untll 14 May when a 
'J 

Il> 
noticea'ble saturated layer began forming at hase. of the snowpack indi-

,-

cating vertical- flow t'hrough the - pack was dominating over horizontal -

disp1acement by dense stratigraphie layers. 
" 

From the 2 to 12 May. dense snowlaye rs in the woodland snowpack 
, 

baused ,a runoff pattern similar ta that described in th""ë' forest between 

1 and 14 May. As in the forest, this runoff patt'ern ls assumec\, to 
, 

include the entire plant community. Spot checks at different locations 

within the woodland confirmed this. The stratigraphy data confirm the , 

"{idespread occurrence of dense ,snow 1ayers in the woodland snowpack. 

This melt pattern described above for the woodland and forest s~owpacks 

was observed only at a few sites in the tundra, thus it is assumed to be 

relatively insigniflcant espec1ally since most oof the tundra snowpack 

melted in the space of a week. 

Researchers have previously described the subarctic snowpack in the 

Schefferville region as homogeneous (Priee 1975; Fitzgibbon 1977). In 

such a snowpaek, snowmelt runoff oeeur;s in principally two directions; 

vertically (as unsaturated flow) and "horizontally" along the slope of 

the ground (as saturated flow). A model designed to predict snowmelt 

. ,v 

/ 

, ' 
tQ:~ 

, .. 
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runoff from sub-basins in the Schefferville region by Priee (1975) 

imple~ents the assumptlons of vertical unsaturated flow and horizontal 

'saturated flow. Aside from a few minor deviations from the actual 

hydrograph of snowmelt water discharging from gauged sub-basins, pric~'s 

'predi'cted hydrograph reflected the actual hydrograph quite accurately. 

,., Although this model is quite us'eful for hydrograph prediction, the 

assumpti?n. of homogeneity within the snowpack may be misleading to those 

interested in evaluating the chemical interaction between the melting 

snow and the terres trial portion of 'the catchment, over which it - is 

flowing. The importance of this lateral flow 'will be eKamined in 

Çhapter 4. 

3.3 Snowmelt runoff plots 
'. 

Three Qi the !ive runoff plotst one in each of the .plant communi

/ 
ties, performed as expected. One woodland plot began discharging late 

in the melt periode The volume of recorded runoff amounted to less than 

10% Qf the expected volume. Runoff 'was 'not recorded in one of the 

forest plots. As sublimation of a significant portion of the s,nowpack 

" 
would ~ot ~ave been possible (la ter in this section) lt is strongly sus-

pected that the unaceounted for water infiltrated into· the ground. 

Though this ls probably true for the forest runoff plot,' it i6 question-

" 
able for the woodland runoff plot, as the plot began diseharging melt-

water late in the melt period. Expianations for the pattern of dis-

charge in the woodland plant community runoff plot are difficult. One 

explanatlon attributes this tg the partial area overland flow process. 
" 

If the soil was frozen in honeycomb fashion as dèscriQed ,by Priee and 

,- . 

• 

.. 

, 

,1 
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, a~nd we~itz-Hendrie -(1983)" or porous concrete as reported by Stoeckeler 

mann (1960) meltwate~ would easily infiltrate the soil. Raising.of the 
" 

water table to a point on the dope within the runoff plot prior to the 

disappearance of the snowpack would result in partial area overland 

flow. A f!econd explanation may attribute the late discharge in the 

woodland plot t'o Hortonian flow. The discharge corresponds ta peak dis-

charge in the woodland runoff plot which recor-de~ meltwater discharge 

throughout the mèlt 'period. It is possible that the infiltration cap-

aeity at this time 'Of peak d,ischarge was exceeded and d~ scharge through 

the weirbox occurred. Thi.s .explanatlon seems more plausible than that 

of saturated overland flow as the base of the runoff plot in question is 

Iocated approximately 4 metres above the valley floor.. It ls t-hought 

the water required to filI void spaces within this mass of soil and till 

would ,be in excess of the water stored in the "Snowpack. especially con-

sideri'ng that the water wouid be discharging, albeit at a slower rate 
, , 

than the input rate, downslope. As weIl, seepage from the ground dawn-

slope of the runoff pI9t did not occur during the melt period. This 

would be expected if partial area overland flow was occurring. 

E1tcavation of snowpits in close proximity to the two runoff plots 

which faHed to produce discharge or substantial discharge revealed what 
" 

appeareq, ta be impervious concrete frost. At these sites overland flow 

was evident. Straub (1950) reported the occurrence of cracks in con-' 

crete frost caused by periods of intense freezing. _ The cracks increase 

infi}.tra'tion rates in the spring (Straub, 1950). ~ the ground surface 

outs1de of, but close to the runoff plots had the appearance of 

ri 

Il 
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impervlous conc~~te frost, it is assumed the ground surface within the 

p1:ot was'frozen in slmllar manner. It is thought that infiltration 

during the melt period 1s a product of thermal cracking of the concrete. 

frost. 

An additionsl factor whi_ch should be consldered 15 that the two 
~( ~; , "1(. :,.,\ 

plots whicjl' essentially failed to produce runoff were the last to be 

construcJ~' ~ Construction ~as completed a week prior to the initiation 
" / ,( 

of showpack. At this time the surface of the soil had begun 

to freez. It 15 possible that the trench w1,~hin which the enclosure 

walls 1 were placed drained a portion of the plots as the texture of the 
1 

soUs ma, it impossible to seai the inslde wall of the enclosure' fence 

as effectively as was the case with the three enclosures whlch were con-

structed during late summer. 

The question arises, how representative of the basin were .the plots 

that functioned as expected? Field observations _ attest.d td the fact 

that overland flow was very widespread. Section 3.4.5 examines the 

relationship between the daily input' to the lake and the corresponding 

discharge plus daily change lrt lake storage. Haq infiltration of meIt

wacer heen widespread, th\ r~lationship wculd not have heen as close as 

it Is. A$"'lming that infiltration had been widespread there would have 
-:--' '*, 

been a significant hys teresls as the hydraulic conductivi ty of the .. sub

r: 
surface flow would be reduced from that of the overland flow. In 

Canadian Shield soil-unconsolidated till, the hydraulic conductlvity of 
\ 

upper subsurface sediment ls approximately 3 x 10-3 cm sec-1 (Beaty. 

Pers. Comm. 1983; Craig, Pers. Comm. 1984). If the hydraulic conduc-

tivity in the upper soil-till is even an order of magnitude greater 

\ 

) 
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, , 

than the reported Canadian Shield values, the infiltrated meltwater 

would travel approximately 26 m day-le As the average measured slope 

length within the primary meltwater runoff contributing area is approxi-

mately 125 m, a maximwn delay of several days (4.8) wou1d occur between 
, , 

infiltration and s~epage into the lake. The hydraulic conductivity 

gauged within the runoff plots averages approximately 6 ID hr-1 (section 

3.4.4) or 144 m day-1; till conductivity .. 2.6 m day-le A hysteresiS 

would be evident and attributable to ,the-hydraulic conductivity of over-

land flow. If significant infiltration had occurred, the hysteresis 

would be significantly more pronoucned then it was. 

The discussion below will refer only to the runoff plots which per-

formed as expected. 

The efficiency of the plots was calculated by comparing the esti-

mated water equivalence of the plots with the volume of water discharg

ing during the mel!:' periode /~e snow which fell after 10 April until 

each plot was drained of snowÎelt water Was exttapolated from the Nipher 
1 l 

gauge data recorded at the McGill Station in Schefferville. This 

equated to an additional water equivalence of 1.53 cm to the tundra, 

5.49 cm to the woodland and 5.63 cm to the forest plot. 

Sampling of the runoff -plots was abandoned once the discharge' was 

redueed to a trickle and approximately 90% of the ground cQver was 'bare 

of snow. Periods of discharge measurement we-ue 26 April - 3 May in the 

tundra, 2 May-6 June in the woodland and 2 Ma~ - 11 June in the forest. 

The calculated volumes of snow (water equivalent), additional precipita-

tion falling after the peak snowyear measurements, and corresponding 
..,J 

plot discharges are poted in Table 3-4. The efficiencies are listed in 
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Table 3-4: SnOl/melt runoff plot water equlvalence data lllustrat Ing the 
total estlmated water equlvalence ln the plots at peak enow
yeBt and accountlng for the additIonal precIpitation artel' 
peak snowyear. 

Tundra 

total l'Iater 
equlvalence (m') 

eetlmated water 
equ~valence of plot at 
peak snowyear (m') 

raho for waler 
equlvale~ce values' . 

preCIpItatIon added ta 
plot artel' peak 
snowyear* (m J ) 

total dlscharge From 
plot (m 3) 

dlscharge as a percent 
of plot water equivalence 
at peak snow y~ar 

dlscharge as a percent 

11.03 

6.13 

1.00 

1.80 

6.83 

108.61 ' 
;' " 

/ 
of plot water equlvalence 
wlth nlpher data added . -éS.92 

Woodland Forest 

37.19 40.82 

25.52 '0.34 

2.45 1.89 

6.28 6.40 

29.88 35.44 
, 

117.08 116.81 

93.96 96'.46 '-

*thlB was denved From the mpher gauge data at t~e McGlll Subarcllc 
Research StatIon. 

1There were 12 sanplJ.ng pOInts wlthln eBch runoff plot for ,evaluahon 
of snow water equlvBlence. 
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two ways; the first is the percentage the dis charge repres~nts of the 

-calculated volume on 10 April, the second -is the percentage derived from 

the calculated volume plus the extrapolated Nipher gauge data. The dis- ~ 

crepancies between the eal~ulat~d water conte~t of the plots and ~he / . 
f 

spring discharges can be attributab1e ta severa! factors, some or aU '9f 

which may be important. There i5 error attached to the initial estima-

tian of wate,Y: equivalence within the runoH plots. Extrapolation from 

the Nipher gauge data recorded in Schefferville to the Elizabeth Lake 

basin ls undoubtedly a source of error. 

// 

-\ . ') 

Although much effort was spent shoring up the walls of the 'runoft 

plots, leakage cannot be discounted. Minor leakage along the downslope 
.1 

end of the woodland plot was observed ooly near the end of the melt 

period. Loss at this time was kept ta a minimum as the structure ;.'was 

reinforced and leakage stopped. Sublimation can be ellminated because 

ft requires between' 2826 and 2847 KJ kg-lof water (Raudktvi, 1979) and 

the radiant input to the Elizabeth Lake snowpaek ls but a fraction of 

this. Evaporation will account for some loss, but because of the low 

daiIy tempe ratures would not amount to any significant volume • . ' 
The se-asonal. discharge hydrograph for the three runoff plots are 

shown in Figure 3-3. From observation, the hydrograph for the tundra 

plot reflected the way in whlch a very large portion of the tundra snow-

pack me1ted. P,riee (1975) reported a very short, intense tundra melt in 

thé Schefferville region •. > Both the woodland and forest melt patterns 

are very simllar to one another: bimodai hydrographs, the peaks ceotred 

on 18 Hay and 31 l1ay. 
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Il 

tUthough the melt period extends in the woodland from 2 May to 5 

June, approximately 85% of the snowmelt water discharges during these 2 

intense periods of melt extending Il days in tota~. Similar1y, the 

forest plot melt lasting from 2 May ta 11 June diseharges 74% of its 
1 

\1 
snowmelt water within a 12 day period. 

, 

Daily melt hydrogtaphs show a distinct pattern. Dur~ng the initial 

melt period, peak discharge occurs between 4 and 7 hours after the maxi-

mum daiIy temperature. This delay ls reduced as the melt progresses 

because the meltwater channels within the snowpack are clearly defined, 

grow significantly 'larger with time and the increasingly warm ambient 

temperature result in periods of 24 hour melt. 

3.4 The spring melt and contrlbuti:ng areas 
, 

3.4.1 Introduction 

This section will idenUfy the four hydrologie areas contrlbu'ting 

snowmelt water to Elizabeth Lake during the me~t period. The method by, 

which discharge was calculated/measured is examined. Far the large area 

contributing meltwater. dirèctly to çhe lake via overland 'flow, a calcu-' 

lation is employed ta generate meltwater f,low into the lake. This equa-

tian ls based on the da'ily hydrographs produced in each of thé runoff 

plÇlts., ,The relationship between measured lake discharge and lake stage 

15 discu5sed. 

r 
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3.4.2 The hydrologie sub-basins t 
j 

The Elizabeth Lake basin can be di vided into 3 hyqrologic sub-

basins, and a ,primary contr,i buting are a (Figure 3-4). The subba~ins 

labelled East tundra and Pond area drain into Elizabeth Lake by inter-

mittent stre51ms. The, Valley area, a glacial m'el t water channel, drains \ 

into "the lake via a stream which flows year round. During the winter 

.." ,i Il} ~\,.,. 

::::::' o:rOt::::at:trre:::\::s met::ur::·
e
:::: ::e t:: :::::~~. t:::.:::: 

de,eribed in Chapter 2. El~~ Lake has one o?tflow stream, the dis
charge of which was monitored frequently -during the, spring melt. Table 

3-5 lists the measured snowpack water equivalence of plant communities, 

bog, talus and disturbed areas within ~aeh hydrologie area. 

3.4.2.1 Valley area 

The Valley consists of two areas: the 'upper valley' and the small 

area closest to the lake, designated 'near valley'. The separation is 

,J 

important because the 'near r area began contributing water to the lake 
, ;; 
~ < 

on 3 May whÙ.e the 'upper' area eollected runoff water at the base of 

the valley unt!l the end of May. 
r 
1 The snowp~ck at the base of the upper valley Qehaves in much the 

same manner as a spong,e. The snowpack reached its saturation capacity 

on 31 May when it began to discharge into the lake. Snowmelt runoff 

. from the upper valley area continued to discharge into the lak~ after 14 

June, when the study was concluded. However, by this date ·the upper 

valley had contributed approximately 95% of Its ealculated snow volume 

(water equivalent): 

, 

., 

). 
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3-4: Hydrologies1 
fl"," 'used to 
of 1!ll=ltwater 

\\ 

':\' 

l 

\ 
area~ 8~ ba~ds of 
calcula e dait: input 
to'Eliza eth L~e. Labrador. 

\ 

\ 

Hydrologieal areas 

A East tundra 
BLake area 
C Valley 
D 'pond area 

\ 

\ 

\ 

\ 
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Table 3-5-. Areas'and snowpack water equlvalence of plant Communltlè~ wlthln hydrologic areas. "-
Plant 

communltles HydrologIc are~s 

Lake Valley East tundl'a Pond Total 

area water equlv. area water equlv. area water equlV. are a water equlv. area (~) water equlv. 

Forest V.62- 109.23 .J8 1.77 .28 1.27 2.78 12.85- 27.06 (17.43) 125.12 (23.68) 

wood land 36.67 178.67 1'9.15 93.31 2.78 10.26 .34 1.65- 5-8.94 (37.97) 283.89 (53:7~) 

tundra 14.02 20.45 29.02 42.34 13.44 19.61 56.48 (36.38) 82.40 (15.60) ~ ! 

bog ~ '.32 1.58 .18 0.86 -- .50 (0.32) 2.44 ~0.50) 

" 

talus 5.92 11.52 .85 1.66 .13 1.43 .78 1.53 "8.28 (5.33) 16.14 (3.05) 

dlsturbed "5.91 18.23 3.97 (2.56) 18.23 (3.45) 
~ 

total 84:52 339.69 49.58 139.94 17 .23 32.57 3.90 16.03 155.23 (100) -528.22 (100.00) 
~ 54.45 64.31 31.94 26.49 11.10 6.17 2.51 3.03 100~ 

w&ter equlvalence ln m3 x 103 

area ln m2 x 103 

r' 

---------------
~ 
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By 2 June the' snowpack in the near valley has essentially disap-

peared. l'he dlscharge for the stream drainlng the valley ls shown in 

Figure 3-5. Much of the dis charge from 2-30 May was ,estlmé1ted from a 

calculation ta be discussed in section 3.4.4. Actual discharge measure-

ments using dye dilution are indicated in Figure 3-5. AIl but four of 
the daily discharge figures listed for 31 Miy-14 June are derived from 

dye dilution. The discharge during those four days was estimated from a 

metre stick placed upright. in the stream in late May. The depth was 

compared to depth read when th~ stream was gauged using dye dilution. 

The error involved in 'these estim tians May be as much as 25-50%. The 

\ 
total snowpack (water eqUival\c ) of the valley area represents' 26.49% _ 

of the Elizabeth Lake terres trial 'snowpack. 

3.4.2.2 The East tundra 

" . 
This area began contributing meltwater ta Elizabeth La'ke on 18 

May. Dye'dilution was used to estimate the discharge (Figure 3-6) for 

the dates' shawn. The discharge on the remaining dates was estimated ' 

from a relationship derived between the known discharge values and the . . 
daily Mean temperature. 1) This relationship (y '" 36.23x + 157.08, r = 

.90, n '" 9) i8 significant at the 99% confidence interval. 

The dis charge from this area was similar to the upper valley. Top.-
ographically, ",this area is a small, elongated valley, containing a com-

paratively thick snowpack which held much of the meltwater draining from 

the sides of the valley until the 18 May, when the area began contrib
CY 

uting snowmelt water to the Elizabeth Lake. The streambed, untll ,the 
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Figure 3-5: Hydrograph of stream'which drains Valley area of Elizabeth Lake, 
springme1t, 1980. 
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Figure, 3-6: Hydrograph of East tundra llre., springme1t 1980. 
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very end of May, consisted of a thick . layer of white Iee, simi1ar in 

\ 

appearance to aufeis. This area contributed 6.17% of the terres trial 

snowpack water to Elizabeth Lake during the spring of 1980. 

, 
, ' 

'3.4.2.3 Pond ~rea 

The Pond area is essentia11y a separate basin within the Elizabeth 

Lake ,catehment. It ,drains i,nto 1:1 small pond, approximat~ly .46 ha in ~ 

area. Though the pond surface (at low winter water level)' is approxi-

mately Il m above that of Elizabeth Lake, groundwater seepage into the 

larger lake through the dolomite bedrock appears to be negligible. The' 

bathymetry of this pond is unknown. The water levels of this pond 

~ dropped aRproximately .3 m during the winter months (mid November to mid 

April). This equals a groundwater discharge of approxlmately '8.6 m3 

day-le This factor would undoubtedly be an underestimate as groundwater 

or subsurfac~ water would be draining into the pond as weIl. 

The difference in e1evation betweep the lip of the dischatging 

channel of the pond and the pond surface was .45· m on 15 ~pril~ Melt 

water was observed flowing on~o th~ ice surf~ce on 2 May. On 12 May the 

pond surface raised above the lip of the ,dtscharge channel and drainage 

into Elizabeth Lake began. 

As the, pond area contributes approximately 3% of the terres trial 

snowpack water to Elizabeth Lake, time could not be spent doing dye 

dilutions each day the stream was discharging. In aIl, dye dilution was ' 

performed on 10 days out ot' a possible 37. A meter ;-Uck wired to a' 

côncrete slab wa~ placed in the' stream near the pond. Each day the 

stream stage was recorded. lt was hoped thàt since the volume oi the 

(' 

'. 

, -
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snowpack (water equivalent) draining into the pond was known (approxi-
. , 

ma-te1y 16,000 m3), the volume of water needed ta raisè the pana ta the 

tip of the streambed was known (approximçl'tely 2060 m3 ) and the total 

volume of stream discharge on dye dilution measurement dates (later. 

'W measurements recorded 4200 m3) was known that it w~ld be possible t~ 

deduce from the record of stream stage the approxima te discharge for 

each day. In arder ta use the stage record, the readings would be 

totalled and this sum would equal 100% of the unmeasured remaining snow

meft water (appreximately 9740 m3). Each days measurement wou~d repre-

sent a certain percentage of the ~totallstage' which when multiplied by 

9740 m3 ta der:1:ve that day's discharge. This is adJllittedly, a erude 

approximatioh, but wlthin an acceptable errer considering this bas.in 

on1y contains 3.0% of. the, Elizabeth Lake terres trial snowpack. 

Regression analysis comparing' the stream stage with the discharge data 

.for the 10 dates when the dye dilution measurements were taken, yields a 

strong correlation (r la .97 at the 997. confidence interval). The 

equation describing this relationship, (Log Y'''' .15 x .,+ 1.99), was used 

te calculate the runoff for the dates ",hen dye dilution measurements 

were not made. The resulting hydrograph is shawn in Figure 3-7. 

3.4.2.4 The primary contributing area 

The primary contrfbuting area labeled 'Lake area f is sa named 

because it contributes snowmelt water direct1y .to the lake without 

passing first throqgh well defined stream beds. It comprises 54.7%, of 

the terrestrial catchment and 
, 

contributes 64.3% of" the terre~trial 

source snowmelt water to the lake during the melt. A calculadon 

", 
,-

1 

" , 
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Figure 3-7: Hydrograph of Pond area-discharge, springmelt 1980 . 
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designed to generat~ daily snowmelt runoff into tbe lake from' the 

primary contributing area i8 presented in sect!on 3.4.4. 

3.4.3 Elizabeth Lake outflow 

The daily record of discharge in the outflow is presented in Figure 

3-8. A significant (at the 99% confidence interval) relationship 

betwe~n lake stage and the measured discharge (log y ~ .0637x - 3.0968; 

r .. 0.90, n = 14) enables daily calculation of discharge from' the lake 

stage (Figure 3-9). The da~tes of actua1 measurement are indicated in 

Figure 3-,9. 

Early in the .melt, dye dilution ,measurements in the stream umler'" 

represent the actual discharge because the stream discharges through the 

snowpack in many channels. The ,sn<;,wpack disrupted the flo,", of dis-

charging 1ake water 8uch that the runoff was fo11owing not only the 

stream bed but a1so adjacent areas as weIl. This made it difficult to 

make sure the dye was weU lllixed. The snowpack acting as a temporary 

dam, diverted sorne of the water. TIte equation above was derived from 

measur~ments taken after an appreciable amount of snow was melted at the 

site where dye dilutions were ruh. It was th en apPfirent that the dye 

r 
was mixing with aIl of the discharging water. 

3.4.4 Daily calculation of meltwater runait into the lake from thé· 

primary contributing are a 

After the' initial melt period in the woodland .and forest when a 

smaH, albeit chem1cally important, volume of meltwater ls diverted 

downslope by dense snowpack layers, the melt pattern resembles that des-

crlbed by' Priee (1975) and Colbeck (1977). A significant portion of the 

" 
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A 

snowpack meltwater flows initially in more or less a vertical direction . ~" .. 

until flow 18 impeded by frozen soil; flow is "th~n directed horizontally 

downsl~p~.· 

.' 
A calculation to determine the daily flux of meltwater from the 

primary contributing area into the l~ke was derived by extrapolating the 

chal='acteristics of the. runoff plot hydrographs to the entire snowpack 

wlthin each'plant community. 

Discharge from the snowpack in the primary contributing area was 

calculated in "the followlng ~nner: from the shoreline to the top of the 

s1Ïbbal?i~~':~hè land area was ~eparated int() bands 30 m wide, the, same 

length as the upslope sections of the runoff plots. The calculation 

consists of two components 1) flow generated within each band élnd 2) 

flow ente ring each band from up'slope. The plant community snowpack 

water equivalence within each band i~ estimated by multiplying the area 

the plant community occupies by lts mean water equivalence. 

The daily runoff generated withln each band from each plant com-

munIt y la equal to the percentage of snowpack melted that day 111: the 

appropriate runoff plot. The distance downslope that this volume of 

water flows ls derlved from the daily hydrograph. lt 18 assumed that 

when peak flow ls re~ched the entire 30 m runàff plot Is contributIng - . 

meltwater ta the welrbox. at the downslope end of the plot. The time 

neceasary ta reach this peak each day ia divided by the length of the 

slope, I.e. 30 m. The downslope snowmelt runoff veloci~y within each 

plant community i5 thereby calculated for: each day (Table 3-6). If 

water originating from a tundra snowpack flows into an woodland snow-

pack, its runoff vel?city would change in accordance with the flow rate 

J 
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Table 3-6; Snowmelt runorf veloolty determlned 

May 2 
3 
4 

5 
6 

7 
a 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 _ 

20 
21 
22 
Z3 
24 

2S 
26 
27 

28 
29 
30 
31 

June 1 
2 
3 
4 

5 
6 
7 

Wl thln' the woedland and Forest runeFf' 
plota. 

Veloclty (cm.sec-1) 

woodland 

0.10 

0.1'0 
0.16, 

--
0.11-
0'.13 
0.11. 
0.12 

• ,0.12 
o~ 12 
0.14 
0.13 
0.17 
0.19 
0.19 
0.21 

~·19 
0.21 
0.24 
0.27 
0.14 
0.19 
0.17 . 
0.24 

.. -

Forest 

0.09 
0:09 

0.09 
0.09 
0.10 

0.10 
0.10 

, 0.14 
, 0.14 ' 
0.15 
Q.15 
0:15 
0.17 

0.17 
0.17 
0.17 
D.1? 
à.21 
0.17 
0.19 
0.17 
0.17 

0.21 
0.19 
0.19 
0.21 

.,.-
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calculated for the woodland' that day. ,,' At the. beginning of each daily 
" 

melt period, water at the base of the snowpack orlginating frdm the 

previous day'·s melt; assumes the runoff velocity calculate'd for the new 

day' s melt. In this manner., the daily flux of, snQwmelt water from the 

primary contributing area into the lake is calculated. The calculation 

continues until the runoff plots çease discharging water. At this time 

it is assumed Chat aIl of the snowpack in t?at partfèular community bas 

melted. 

The basic assumption in this calculation is that the measured daily 

runoff fro)ll the runoff plots is represèntative of the particular plaqt 

community at large. This assu,mpti6n is really an overall assumption 
\ \ ' . 

which consists of a nurnber of.-·'identifiable subsets! nam~ly, sIope, 

aspect, similarity of vegetation and snowpackw The similarity between 
'""" , -. 

the runoff snowpacks and the plant community snowpacks in which they are 
--......~~. 

located has'been discussed earlier in chapter 2. 
,. 

, , 

3.4.4.1 Justification of the hydrological calculation .. 
~, ," 

Incorporati'on of an existing' model to predict the dally inflow ,~cf·! . ~ 

meltwater to Elizabeth Lake, was not possible for a variety of reason~. 

The. primary purpose of this work is to examine nutrient fluxes durin& 

snowmelt not to const.l:'uct a generally applicable model of snowmelt '. 
,l,. 

b , 

generation and runoff or to calibra te existing models. 
1 
~ ,~ 

To callbrate an ex~sting model such as that of,~rice (1975) to the 

snowmelt conditions with ,the various envir'onments in, the Elizabeth Lake 

basin would have required a significant amount, of t~me. 
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The incorporation of the Stanford watershed model to climates dis-

simila17 to that which the model was originally intended has been the , 

sole purpose of large scale projects in eastern Canada (e.g.) Llamas et 

al., 1978) and Ohio (Ricca, 1972). Lramas.=! al. (1978) expanded the 

importance of snowmelt runoff .,to accommoclate Canadian conditions, but 

this could not be appiled to subarctic conditions às the Canadian 

ver~ion accounted for infiltration of meitwater into the soil. 

If it can 'be aS6umed that a runoff plot i6 representative of a 

particular plant community snowpack then the exehange of heat betweell 

the air and the snow~ack shouid be essentially similar st the runoff 

, \ 
plot and other sites WShin the specifie plant community. 1\s it is the 

complex interactions of heat and the snowpack which ,produce meltwater 

runoff, the runoff record ~ pe~\m2 of Plnoff plot should be similar to 
\ \ ... 

th a!; in other portions of ~e sn~wpack in ~he 'plant community of con-

\ " cern. \ 
The structure of the ~unof\ p~O\ enclosure may impede. the movement 

of air with the plot snowp~ck. ~s '\Uld in ,effect slow the tIIlelt pro

cess to a small degree. Ihère' wes howeyer no observable difference in 

thE: meit pattern 'of the snowpack \thin or outside tbe runoff p,lots 

however. 
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3.4.5 Comparison o~ ca1culate4 and measured input with the actual 

discharge 

,Figure 3-10 illustrates the daily input ta the lake from a11 

sources. This' includes the calculated input from the ptimary contrib-

uting and near valley area, the input from the upper valley, pond and 

east tundra. areas, and the lake snow and white iee cover. In order to 

tes t the vaUdi ty of calcula'ted and measured dally input a comparison 

was drawn "with the actuai 1neasur~d storage and discharge (Fig. 3-10). 

A cumulative plot of daily calculated plus measurecl input and claily . . 
lake discharge plus storage Is' i11ustrated in Figure 3-11. The cal cu

lated plus measured input 1,s consistently greater than the' dis charge 

plus storage. These differences are most.p~onounced between 14. May and 

9 June 1980. 
, 

The calculated input from 1 May to 15 June ls 462,100 m3 , a 7.75% 

over~stimate of the a~tuai discharge of 426,300 m3• This overestimation 

ls understandab~e because, at least in the primary contributing area,. 
( 

the ealculation used to determlne the daily flux of meltwater into the 

lake assumes that the snowpaeks in the forest and woodland disapp.ear on 

the 11 June and 6 June respectively. In fact, sorne patches of snow 
remained in "both plant communi ties after tfie calcu-Iated date of disap

pearance. No esti~te was made of the r~ai~ing snow •. rhere is generai 

tempora:]. 

3-10. 

The 

<oncordanC\ betwe:n input and laka peaka, .s s~own in, Figure 

variation ap\~rent between' the daily flowing into the 

lake- and t.he SUIn a daily discharge plus dail change in storage illus-. . 
trated in Figure 3 just to ,poten error in the overland 

f10w ca1culation t in\ part to the error in total stream inflow 
\ 

',' \ 

measurements, as ~ye dilution was not conducted ch day of the melt. 
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... \ '. 
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Comparison of cumulative daily measured input 
plus calculated input and cumulative lake ' 
dis charge plus storage. 
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A 1Jlinear regression compares the daily lake discharge plus daUy' 

change in lake storage' and calculated input to the lake (Fig. 3-12). An 

equation describing ~he rêljltionship has a correlation coefficient of 

.78, signiftcapt at the 1)~% coÏlfidençe intervai (n .. 45). 

---. 
As the discharge resp~nse to the daiIy input will likely be delayed 

1 

as the flow continùes' over a 24 hour period the equation above des-

~ 

cribing 's"ame day' ~nput and response is not accurately describing the 

intended relationship. Assuming that a delay of one day occurs between 

the inp..!!"· of meltwater to Elizabeth Lake and corresponding stream dis-

charge a new relatlonship involving a one day delay is formulated. The 

newequation, Figure 3-12 has a correlation coefficient of .87, signifi-, 

cant At the 99% confide\lce. interval (n .. 44) . Though both equations 
. 

describe a signi(ica~t relatipnship, in the latter, the input accounts 

for 76% of the var~ation exhibited in the. outflow; in the former 

equation the inp,ut accounts .fOi: 61% o!., .. the discharge variation., Likely 

the input-response time delay is 'somewhat less than a 24 hour period. 

? 

As the data are formulated only ~or daily readings and not. the daUy 

hydrograph, the true input-response time delay remains unknown.. In 

Figure 3-11 a one day advance of the input d~ta lessens the dlfferè~ces 

between the cumulative dally calculated plus measured inputs .tQ 

Elizabeth Lake and the cumulative daily d1scharge plus storage: During 

portions of the ear.ly and < latter melt, the <i~ut e'xceeds 

Signiflè~t margina. 

the lake 

discharge plus storage though not by very General-

ly speaklng there 15 good agreement between thé cumulative input and 
.. 

cumulative output • 
. \ 

1 \ 1 \ 

'0 

! 

1 
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CHAPTER 4 -. 
TERRESTRIAL AND WHOLE CATCHMENT NUTRIENT MASS BALANCE 

4.1 Introduction ( 
This chapter examines certain aspects of nutrient' transfer during 

the springmelt attributable to meltwater runoff. This involves an 

accurate assessment of the nutrient ma~ses within the tundr<l;J weodland 

and fores t snowpacks and the impact of physical processes such as 

diversion flow which will affect the transfer of snowpack-source nutri-

ents to downslope water bodies prior to interaction with organtc hor-

izons at the base of the snowpaek. 

Total nutrient mass balances are examined within the tundra, wood-

land' and forest snowpack runoff plots in order to determine whether 

\ 
snowpaek-source nutrients are retained by or nutrients scoured from the 

organie horizons. and minera! soil surfaces at the base of the snowpack. • 

The elution pattern of n~trient~ from the woodland and forest snow

packs were recorded. This made pdssible the calculation of d;ily nutri-

ent MaSS balance within the respect,ive' meltwate't" runoff plots. 

Daily nutrient mass transfer from the terres tria! ,to the aquatie 

portion of the Elizabeth Lake catehment was aecomplished by adding the 

daiIy nutrient ma.ss values determined for the inflowing perennial and 

intermi ttent streams to the daiIy contribution from the portion of the 

terres trial catehment contributing nutrients d:\rectly by ovèrland flow. 

The ca1culation for the dal1y overland flow contribution is & produ~t of 

the hydrologic,al calculation discussed in Chapter 3 (section 3.4:4) and 

the daily total nutrient export from the woodland and forest runoff 

plots. 

, , 
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The da11y nutrient mass balance for Elizabeth Lake ls presented for 

the 1980 springmelt. The springmelt export of nutrients from these sub-

arctic ecosystems are compared to results from temperate study sites. 
1 

The relative importancê of the springmelt contribution of TP, ea 2+, 

Mg2+, 1(+ and Na+ to the' lake in relation ta the ice-free season 'contri-

bution are examined. .' 
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1 
4.2 Snow Chemistry 

, 1 

The purpose of investigating 'the chemical content of the snowpack 

ls threefold: 1) t,o determine the potential snowpack nutrient la ad 

within each plant community at spri?g~elt, 2) ~o determine the repre-

sentativeness of ~he snowmelt- runoff plot snowpack to the plant communi-

Il , ~ 

ty sn~wpack within which it is located, and 3) to determine the chemical 

variation within and among plant community snowpacks. 

4.2.1 Snowpack chemical composition 

The chemical compo,sition_ of the tundra, woodland and fores't snow-

packs determined from samples extracted at peak snowyear Is illustrated 

in Figures 4-1 and '4-2. Beneath each histogram the mean sample value 

and sample range within 1 s is shawn. The range of confidence (99%) in 

the error of each mean: 

or t~ 1re (Freund, 1972) 

- "~ 
is shawn, for each nutrient within the three plant community snowpacks. 

The mean nutrient concentration of each stratigraphie section (described 

in Chapter 3) and the range of. values within 1 s of the mean are 

included above the histograms. 

Table 4-1.lists the total mass for each nutri.~nt measured in the 

three snawpacks. The eàlcùlatlon èonsists of three components: 1) the 
.::-... 

1. 

at;:ea (m2 ) of each of the three plant communities; 2) the mean snowpack 

water equivalence of each plant community and 3) the total snowpack mass 

for each 10n at peak s~owyear. The calculation is descrlbed below: 

-' 

" 



,o. 

( 

Figure~4-1:Concentration of TP 
~ ~ TDP and NO~ in the tundra 

w00dJ and and î 0rest 
'lll'\,-p:'Lkc:. rhe meilll 
concentratlon for the 
sno\,'JT1pl t runoff plot 
within each plant 
cornmunity snowpack is 
shown ( (;; ). 
Legend: a:1 standard 
deviation; b: stanùard 
error of the meanj c: 
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" ' 2+ 2+' + Figuré" 4-2: Concentration of Ca • Mg • Na+ and K in the tundra, 
'Woodland, and forest snowpacks. The mean concentration' 
for the snowmelt runoff plot within each plant community 
ls shown (A ). Legend as ;in Figure 4-1. 
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Table 4-1. Snowpack nutrant mass, Elizsbeth Là~e catchment, Labrador. 

Tundra 

snowpack volume 
(water equnalent, m3 ) 963F 
volume rat'la 

Mass (Kg) Ca 2+ (actus'l) 2L 1,6 t 7. J'f2 

(equ'llibrated) 1 2Z .16 

Mg 2+ (a) 

(e) 

(a) 

(e) 

Na+ (a) 

TP 

(e) 

( a') 

(e) 

TOP. (a) 
(e) 

N03 ('a) 
(e) 

'9 • 6 3 ,t ,3. 7 6 

9.63 

6:74't2.56 

6.74 

19.27 't 6.17 

19.27 

.71 t .22 

.71 

.23 ± .oe 

.23 

22.16 t B.Ol 

22.16 

Woo,dfand 

274060 

2.84 

Forest 

131 JZ5 

1 .36 

6,8.,52 t 10.19 27.56 t 8.12 
24.09 20.23 

,21.92 ±,3.3S 

7. 70 

16 .44'" t 3.10 

5.78 

65.77 ± 7.96 

23.12 

2.48 t • JO' 

.87 

-.85 t .11 

.30 

5'7.55 t 7.46 

20.23 

9.19 t 2.79 

6.74 

11.B2 t 2.72 
8.62 

-34.14 t 6.84 

25.04 

1.361: .26 
1 .00 

.42 t .,1 a 
; 31 

30.Z0 t '7 .6~ 
22.15 

Total 

118.26 

40.14 

35.00 

119.18 

~.55 

1.50 

109.91 

l,Tlie mass values of the woodland and forest ~nowpacks have been equlllbrated to the 

water equlValence of the tundra anowpack such that a more reaiistic compariaon can be 
lllustrated. 

2The expected range of snowpack specIflc ton mass (resultlng From the product of the' 

mean snowpack water equlvalence and mean ionlc concentrstln) lS determlned by gmplo)'
lng a modlflcatl'on of th~ followlng eqyst1on: 

Expected range wllh1n Wh1Ch 68~ 

of the data üll fal! = [(;Z:'(S4)2] ',+ [.y27(Sx)2] 

The modlflcatlon Involves replac1ng S wlth the 99% conf1denc'e llmlt (a) of th'e mesn 
(descrlbed abo"e) calculated For each 10n belng examlned. T~us, the expected range of 
lon mass determlned from the proJected product' of the two means ;; 

'. 
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where P.o : 
SWé: 

xN : 

- 113 

Snowpaek mass a Ao • Swe • x N 

area of _spécifie plant eommun1ty (m2 ) 
x snow water equlvalènee in specifie plant eom
munit y (m) 
x ion concentration in speci~ie plant community mg 
m-3 

The' e~lculated range for the total ionie mass within the snowpack 
\:) 

of each plant eommunity is liste~ in Table 4-1. . It cari.' b~ asserted with 

.. a plobability of .99 that the determined m~an i~ within the stated range 

of the true Mean. 

4.2.2 Snbwpack stratigraphy 

Sn.owpack stratigraphy was 'investigated ta aid ,in determining chem-

ical diff'erences ?nd .similarities within eae,h plant community snowpack. 

The teported diversion of snowme'lt water by' iee layers (Colbeck, 1977) 

• 
f_ormed along stratigraphi.c boundaries within the snbwpaek qeeessitates 

e:-aluation of snowpack chemistry by stratigraphy such that if a diver-

s-ion 'slmilar to that reported by Colbeek oceurs, a reasonab1y accurate 

.' evaluation of the ionie 108s ca'n be made. Sampllng or the snowpack 

stratigraphy at different sites within each plant community provides the 

statistics for such an aSsessment. 

1 

Due to the large ntllllber or 'strÇltigraphie layers within the snow-

packs (as Many as 17) the strata, were separated into 5 groups. A compo- . 

site sa~p1e was taken from eaeh group for chemleal analysis. The 

division. of strata within each plant community snowpack was done such 

". that ch,emieal comparisons of ,a partlcular group could be drawn amang 

diffel"ent' snawpits. This was- only possible where stratigraphie slmilar-

ity existed. 
~ 

\ 
\ 



\ 

( 

~ ,.. 114 -

, , 

The strata within the forest snowpack, i\t diffe'rent' sites'·was ,quite , 

comparable, presumably because of ,reduced wind disturbance. At the 

woodlànd sites, the open nature of the woodland enables the wind' bO ,.play 
, 

li more prominent raIe in disrupt,ing the natural stratigraphy' of tlle 

\ 

snowpa'ck. Topographia dHferences in the exposed' 'tundra produc,ed a 

large ,range of snow depth. This results in a large variation in 'physi-;-. .>. 

cal stratigraphy; thin, densely eompacted strata on the exposed, sites 

and more pronounced stratigraphy in the hollows where the snowpaak may 

measur.e in excess of 2 iII. , Segmenting the s..trata" int.o five· groups 

enabled a comparison of the 'strata among sites on a' temporal basis. For 
" 

\ examp~e the first stratigraphie group at the base of the tundra snowpaek 
\ 

'~Uld ,he" comparable, at each site as ft 'is that initially deposited. 

11~se the uppemost stratigraphie group among aIl sites represents 

the m~ recent deposition of snow. The three r~,maining fraètions 

between the initial and Most recent groups would be comparable among the 

\ 
sites on a s~mllar temporal basis. 

4.2.3 Variation in,snow cpemistt;y among plant' eommunities 

It was hypothesized that the snowpacks would have' very similar 

nutrient concentrations barring influence from the plant eommunity. The 

'~eans an'd ranges (+ls) 'dlsplay:ed in 'Figures 4-1 and 4-2 indicate that 

the tundra snowpdck has lower TDP, TP 

wood land and fores t plant community 

and N03- concentrations than the 

~ 
snowpacks. '~l1!fference of means , 

tests (after Freu~d, 1972) were conducted to compare the nutrient con-

centration~ between plant communi ty snowpacks. The results are ill.us-

trated in Table 4-2. Statistically the tundra snowpack [TP] i9 signifi-

cantly less than both the woodland and forest. The differences appare~t 

.' . 

.... 

,,' 

. \ 
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Tabl!? 4-2. Nut,l" l erit concentratIons ln anowpack stratlgraphie sectIons anç/ mean 

anowp'iilck concentratIons for al! pl ant communltles. 

A B C D E: x 

Tundra .28 .23 .22 .21 .23 ' .23 
Ca 2+ I1Ig L-1 Forest .22 * .18 .~2 .22 .22 .21 ] 

Woodland .22 [ .30 .V .26 .27 .25 

Tundra .09 .10 .11 .11 .09 .10 , 
Hg~+ V 1 

, 
.0$' ,OB .01 mg Forest .07 .06 .08 , 

Woodhnd .OB C09 .07 .07 .OB .OB 

Tundra .25, .18 .20 .19 .17 .20) 
Na+ ~g l-1 Forest .37 .22 .25 .23 .21' .26 

Woodhnd .24 

\ 
.2Z .Z6 .23 .24 .24 

Tundra .07 .06 .07 .07 :07 .07 ( 
K+ mg L-l Forest [ .10 \ .O,B .09 [ .09 .07 .0'9 

.Woodland \ .06 .06 .05 .07 .06 .06 . \ \ 
\ 

Tundra 7.a3 \8.94 [ 6.35 [ 6.50 [ 7. SO 7,42) ] tp (g L -1. f'orest 9.62 111·29 9.06 10. 8OJ 12.10) 10.36 
Woodland 9.55 . r. 04 10.03 8.J2 8 • .50 9.05 

Tundra 2.45 Loz 2,11 (2.10 2.46 2.53] J 
TOP g L- 1 Forest 3. 34 '2.84 3.23 3.20 3.49 3.21 

Woodiand 2.96 21 .56 3.07 3.45 3.51 3.11 

Tundra ('34 .2.3 .22 [ .18 [ .18 .23 
NOJ- mg L-1 F o're st .20 .21 .25 .26] .24] .2.3 

Wood land .22 .22 .24 .20 .17 .21 

• the brackets ( [ ) Indlcate ststistlcally'Slgnlflcant dlfferences (9 5~ con fldenee 
.level) 

-( 

\ 
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in Figures 4-1 and 4-2 for (N03-] are not statistieally significant. 

Other statistically significant differences not apparent in Figures 4"':'1 

and 4-2 include [Ca+] anq [I0"] between woodland and forest and [Na+] 

between the tundra and forest snowpacks. [Na+]. is significantly lower 

in the tundra than in the forest; the difference in [N~+] noted between 

tundra and woodland snowpaeks is not statistically significant. 

4.2.3.1 Stratigraphie variation in chemical concentration among 

plant communiÙes 

The 'mean and range (+1s) of the measured ions within each strati-

graphie section of the snowpaék are illustrated in Fi~ures 4-1 and 4-2. 

Patterns indicating increasing or decreasing concentration with depth 

are evident for N03- in the three plant community snowpacks; decreasing 

in the tundra and woodland and increasing in the forest. In the forest 

snowpack, [TP] increases from the top to bot tom of the snowpack; [TP] 

pattern is not evident among the stratigraphie sections within the 

tundra or woodland snowpacks. The cation concentration distribution 

o 
through the snowpacks does not follow any distinctive pattern. Specifie 

concentrations of measured ions within the 5 stratigraphie sections of 

each plant community snowpaek are listed in Table 4-2, statistically 

significant differences determined by the t statistic (after Freund, 

1972) are noted. 

4.1.3.2 Discussion on statistically significant difference-s in 

ionic concentrations noted among the; snowpacks. 

Na+ and TP concentrations differ slgnlflcantly between tundra and 

forest snowpacks. For TP thls difference 18 most'apparent in the lower 

• J 
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Table 4_3.° Nutr~ent analys~s, water equ~valence and depth of snowpack of snowplts and runoff plots. 

Tundra Waodland Forest 

SnowÎ:nts Runoff Snowplts Runoff Snowpits Runoff 
A B plot A- B plot A B plot , 

l' 

TP ().og L -1 ) 5.97.. 5.02 5.49 9.46 8.14 B.80 11.20 13.54' 12.37 
TOP (yg L -1) - 1.14 2.24 1.69 2.52 3.20 2.86 3.00 3.24 3.12 
NO - (mg L -1) 0.22 0.17 0.20 0.19 0.13 0.16 0.2'1 0.24 0.19 
Ca~+ (mg l-l) 0.18 0.19 0.19 0.22 0.27 1) .2~ 0.17 0.14 0.16 
Mg2+ (mg L -,1) 0.10 0.09 0.09 0.07 0.09 0.08 0.06 0.07 0.07 
~ (mg L-l) 0.07 0.08 0.08 0.06 0.05 0.06 0.09 0.07 O.OB 

.-.-
Na+ (mg l-l) 0.17 0.19 0.18 0.24 0.21 0.23 0.1 B 0.19 0.18 

...... 

water eqü~valence (cm) 21.42 13.96 11.03 40.02 37.21 37.18 43.97 37.43 40.82 

depth (cm) 76.00 54.00 56.70 135.00 110.00 112.33 162.00 177.00 162.33 

densüy (g/cm3) 
f. 

0.22 0.14 0.19 0.30 0.34 0.32 0.27 0.25., 0.26 

t· ?.I. 

, . ... 

, .. \ 
" 

"\ .. 

o 

, . 
,'. 
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stratigraphie layers (Table 4-2') where the concentrations in the forest 

snow are between 4 and 5 ug L -1 higher than those recorded in the 

tundra. INa+] differences are noted between the composite samples and 

not between particular stratigraphie groups. The increased concentra-

tion of Na+ in the forest may be related direct1y to t~e efficiency of 

coniferous trees to trap dry fallout (Overrein et al., 1981)~ The sig-

nificant differences determined for [TP] between the w00dland and forest 

plant community snowpacks May be attributable ta increased organic depo-

sition in the forest (see Werren, 1978) due to the increased amount of 

above snowpack biomass (Le., standing trees). The ine'reased [TP] ln 

the forest snowpack above that determined for the tundra and woodland 

snowpacks i5 most pkonounèed in the lower stratigraphie layers. lt is~ / .~ 

-",,-' / ' 
thought th'i5.v>'d1frerence is due chiefly to deposition of dry fa1lout ip 

the early winter. Other possible sources include organlc matter deposi

tion from the tree~. shrub layer lltterfall and ~ Irlg;at1~n of 

1itter-source P during the early snowyea~ when the upper soil and ground 

vegetatilon are still not completely foozen • 

It Is thought .that dry Eallout might be more pronounced during the 

initial portion of the ,snowyear as later in the winter lIlUch of the. 

source area for dry fallout materi'al would be under snowcover. Hamlller 

(1984) reports that dry fallout in northern latitudes comprises a small 

proportion of the total atmospherie load during the winter months. 

-The s,tratigraphic variation in, chemical ~roperties in the forest 

snowpack cannot be solely related to greater accumulations of li tt~r. 

Further, indication of increased orgaq1~IDàtter in 
0- ~ 

the snowpack should be apparent by eiamin1ng the 
) , 

the lower portions pf 

It 1s w1dely 
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reported', Most re~ently by Jones (1984) that [K*"] in snowpacks is pro-
1 

portional to the organic c6nt~nt 6f the snowpack. In the Elizabeth Lake 

catchment snowpack data, there i9 very little vertical variation in [~] 

within the three plant community snowpacks. This is indirect evidence 

that the vertical distribution 'of deposited organic matter is much the 

throughout the snowpack within eaeh plant eommunity. 
" 

A possible source of P to the 10wer portions o~ th~.snowpack ls up-

ward movement of 1itter source P during the early snowyear when the 

upper sol1 and ground vegetation are ,still not completely frozen. A 

moisture gradient exists between a very dry, e01d snowpack and a satur-

ated, relatively warm l1tter-ground vegetation-mdr strata at the' base of 

the sha110w snowpack. This pJocess was observed duriug the 1983-84 

~nowyear in a northern Ontario Canadian Shie1d deciduous forest (Eng1ish 

Çlnd Jeffries, unpublished data 1984). l'he affected snowpaek portion,' 

clearly distinct due to discolquration by what was tho~ght to be 6rganic 

acids hlld greater [TDP] tha? the upper unaffected portion of the snow-

pack. This would Indicate the dissolved fraction of the total 

detectable P would be affected by this proces$. Since the [TDP] in both 

the wood1and and forest snowpack are similar" attribution of tnis 

process to increased [TP] in the lower forest snowpack is dismissed. 
" 

• \ 
~ 

4.2.3.3 Differentiat:lon of snow1pack ionie mass 10ad by equilibra-

tion 

Equilibration 'of the ca1cu1ated total ion mass within the tundr~, 

woodland and forest snowpack are shown' in Table 4-1. The equilibrated 

expressions enables comparison ~f individual plant community contribu-

( 
1 

tion to snowpack chemistry. The statistical significance of these dif-

ferences was not found a'8- only one number for each snowpack is de ter-

mined. 
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,Proportionally more K"'", Na+ and TP mass is foun'd in the forest 

snowpack. The' differences are attributable to the lncreased above snow-

pack biornass contrlbut,:!.ng litter to the snowpack an~ effectively trap

ping dry fallout which ls later deposited in the ~nowpack beneath. 

(Jve rrein et al. (1981); Abrahamsen ét ~. '(1976), Horntvedt et al. 

(1980) and F6ster et aL (1983) discuss the çhemical modification of 
, '-- . 

precipitation by conifero~s trees. Their results demonstrate that N03-

and 'NH4+ are adsorbed by conif~rous tree croWn§i and most other ions are 

enriched' ln throughfall.· \) This is in, part- due to the sc'ouring of dry 

depo~ition from the follage during ralnf~ll events. 
, 

Though the rèports of canopy drip resulting from snow melting on 

trees were not f'ound it ls thought that since dry deposition, whlch 15 

thought: ,to play.- a major role in determining the chemistry of canopy 

drlp, occurs in winter, th en the meltwater would be sim~larly enriched. 

, - The inçrèased ~ and Na+ mass in the fo~est snowpac~ may in part be 

due to enrichment from the meltwat,er dripping from the spruce, crowus , . 

,during the late win ter 'when the adsor,ption of solar rlidiation by the 
, , 

spruce trees and subsequent, (obse-rved) melt of snow in the boughs 

occurs. The concentration of· ~ and 'Na+ in, tbe surface (A) portion of 

the forest snowpack are elevated above the concentrations determined for 

the surface snow in the tundra and woodland (Table 4~2}. 

The equilibrated TDP mass is proportionately equal in the 'fQrest 

ànd woodland; both of these values weIl elevated above the -tundra equ.il-

ibrated TDP mass. The, equÙibrated N03- mass within the tundra and 

for'est are essentially equal; the woodland snowpack NOj- equilibrated 

mass is slightly l.ess. The equilibrated Ca,2+ and Mg2+ mass are notice

fably higher in the woodland ~nd tundra snowpacks respectively. The 

-
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exact reasons' for this are unknown, though in' the tundra it i8 thoug~t 

that the open patches of ground on thé ridge tops may be contributing 

dust, thus the elevated concentrations of Mg2+'j The eqllilibrated Ca2+ 
" 

incrèase in the woodlartd may be organic in s-ource as the colonies, o'f 
, . ".' 

Labrador tes and dwarf birch in the woodland ate more numerous and 

" . 
greater ~n density than in the tundra or. forest. 

4.2.4 Evaluation of snowmelt runoff plot ionic mass 

.Direct"sampling of the runoff plots' fo:: nutrient analysis was not 

practical because- disturbing the snow in the plots w~uld disrupt the 

natural melt pattern of the snowpack. lnstead, 2 snowpits were dug 

withln 10 m of the plots, one near the upper portion of the plot, one at 

the lower end; nutrient analysis were performed on the samples taken at 

these sites (Table ,4-3). lt was assumed ·that if there are chemical dif-

ferences between the runoff plot sites and these snowplt sites lt should 

be Insigniflcant. Physically the sites are very similar: dlfferences 
t-

in slope angle and aspect are Indlstinguishable and the vegetat~on com-

. '. 
position is much the same.· As demonstrated below in Table 4-3 there is 

no signiflcant difference between, the wat'er equivalence and depth of the 

snuw runoff plots and the ,nearby snowpits for the woodland and forest. 

The water equlvalence of the tundra runoff plot is less than the Mean of 

the two sampled sites by 6.66 cm. This difference, though large, i9 not 

reflected in the ionic tonce,ntration. As shown in Table 4-3 the vati-

" 
ation in ionie concentration at the two tundra sites is smal!. The 

(TOP] variation ia the largest shown, 

A.ssessment of the nuttient, mass withln the runoff plots involved 

detetmining the weighted mean concen:~ation1 for each stratigraphie 

..- f""''' J ." 
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section. Student t tests -revealed no signif1cant difference (95% confi-
1> 

dence level) between the nutrient co~centrations in the 2 snowpits. The 

. mean nutrient concentration' of the two snowpits, sampled near the runoff 

piots is that used to,. dètermine the nutrient mass of the runoff plots. 

The runoff plot snowpack nutrfent mass wa-s simply calculated by multi-

plying the extrapolated mean nutrient concent~ation by the measured 

(chapter 3) water equivalence volume (Table 4-4). 

As the runoff plots were the sole me~ng of measuring the inter-

action between melting snOw ~nd the sail surface and ground caver it ~as 

,important to d'etermine ho~ representative th~ runoff plot snow chemistry 

was in relation ta that determlned at other snowpit sites within the 

same plant communi ty. This analysis would give sorne measure of con:fi-

dence that the results determined at springmelt at this site could be 

considered representatAve of the snowmelt interaction at other sites 

• 
within the appropria ce plant community. 

Student t tests were employed to determine if the runoff 'plot snow-

pack chemical concentrations ,are statistically comparable with the other 

snowpit site data. The results are illustrated in Table 4-5 •. In each 

case where slgnlficant differences are registered, the TUnoff plot con-

~ 

centration ls less than the value derived for the plant community snow-

pack at large. The only exception Is TP in the forest snowpack where 

the concentration in th,e runoff plot ia approximately 2).lg L -l" greater 

than the mean value for the forest snowpack at large. 

Table 4-6 compares the equl1ibrated total masses between the runoff 

plots and _the plant community, snowpacks they represent. Generally 

speaking there is go ad agreement specifically for the cations and N03-

among the three plant community snowpacks. The TDP mass in the runoff 

. , 
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TaDle 4-4. Runofr·p~ot sr\owpacK nutrlent mass. 

Tundra Woodland torest 

TP (mg) {actual} 54.5 279 • .7 454.4 
l, 
l.. 

(equlilbraled) " (1.00)1 83.0 (1.52) 122.8 (2.25) 

TOP (mg) (a) 1'6.8 90.9 114.6 
( e) " (1.00) 26.9 (1.61) 31.0 (1 .84) 

NOJ- (g) ( a) 2.0 5.1: 7·0 
(e) " (l,JJ) 1.5 (1 .00) 1.9 (1.27) 

1:a 2+ (g) (a) 1.9 7.9 5.9 
(e) " (1 .20) 2.3 (1.47) 1.5 (1.00) 

Hg2+ (g) ( a) .9 2.5 2.6 
(e) " (1.29) .7 (1 .00) .7 (1.00) 

K+ (g) (a) ~8 1.9 2,9 
(e) ~ >(1.00> 2.2 (1.22) 1.8 (1.00) 

Na+ (g) ( a) 1 .8 7.3 6.6 
(e) " (1 .00) 2.2 (1.22) '1. B (1 .00) 

water equlvalence (m 3 ) 9.93 33.46 36.74 

" 

lThe fIgures ln brackets for each nut rient repreaent the ratlo of the 
equlilbrated values among the three plant communl tle's. 

( 

, . 
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Table-4-5. Assumed runoff plot and plant commun1ty nutr1ent concentrat10ns. 

Tundra Woodland 

Runoff plot Plant cominun1ty 51g01 fl- Runoff plot Plant commu01ty 

conc. conc. canee cone. cone. 

TP ( g/1) 5.43 7.44 x B~BO 10.03 

TOP ( g/l) 1. 75 2.5B -x 2.86 2.87 

NOJ- (mgll) 0.20 0.23 0.16 0.19 

Ca2+ (mg/l) 0.19 0.23 x Or25 0.23 

Mg+ (mgll) 0.07 0.08 0.08 0.08 
\ 

K+ (mgll) 0.08 0.07 0.06 0.06 

Na+ (mg/l) 0.18 0.20 0.23 0.24 

x = slgnlf1cant dlfference between values at 95~ conf1dence lnterval. 

-v 

Forest 

5l;gnifl- RUlioff plot Plant commun1ty Sig01f1- ..... 
N 

canee conc. cone. canee +'-
I-

i 
x 12.37 10.41 x 

, ~ 
,13. t 2 3.22 x 

0.19 0.23 - \ x '---- x 

0.1~ 0.21 x 

1 
1 0.07 0.07 

0.08 ' --- 0.08 

0.18 0.26 x 

~ 
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Table 4-6. Equlilbrated lonlC mass fa: the snowmelt runoff plots and reapectlve snowpacks. 

Tundra WOodland Forest 

Total Total Total 
Plot snowpack Plot anowpack Plot snOrfpack 

mg, (mg.m-2) mg, (mg.III-2) mg, (mg.rn-2) mg, (mg.m-2), mg, (mg.m-2) mg, (mg.m- 2) 

TP 54.5 (.61) 73.2 (.Bl) 279.7 (3.27) 287.7 (3.36) 454.4 (5.05) 380.5 (4.23) 

TOP 16.8 (.19) 23.7 (.26) 90.9 (1.06) 98.6 (1.15) 114.6 (1.27) 117.5 (1.31) 

g, (mg.III-2) g, (mg.m-2) g, (lIIg.m-2) g, (mg.rn-2) g, (mg.m-2) g, (mg.rn-2) 

Ca 2+ 1. 9 ')21.10) 2.2 (24.40) 7.9 (92.40) 7.9 (92.40) 5.9 (65.60) 7.7 (85.60) 

Mg2+ .9 (10.00) 1.0 (11.10) 2.5,(29.20) 2.5 (29.20) 2.6 (2B.90) 2.6 (28.90) 

j(+ .B (8.90) .7 (7.BO) 1'..9 (22.20) 1. 9 (22.20) 
- Ci 

2.9 (32.20) 3.3 (36.70) 
\ 

1.8 (20.00) 1.9 (21.10) 7.3 (85.40) 
~-----=--- - ~ 

Na+ 7.6 (8B.90) 6.6 (73.30) 9.5 (105.60) 

N03- 2.0 {22.22} 2.3 (25.6) 5,1 (59.6) 
j 

6.7 (7B.4) ".0 (77 .BO) B.4 (93.30) 

• 

( 
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~lots is consistently less, than the corresponding plant community srtow

packs. The differences found for TP mass are the most significant ionic 

maS5 differences' determined, most pronounced in the tundra, where the 

plot' value i5, .20 mg m-2 less than the snowpack and in the fo'fest where ,,,. 
- 1 

the plot ~s .82 mg m- 2 more TP than the snowpack. 

4.3 Diversion flow 

As discussed in chapter 3 diversion flow due to density differ-

ences of stratigraphie layers within the snowpack oceurs in the early 

period of the springmelt along slopes in the wood land and forest plant 

communities. 

4.3.1 Woodland' runoff plot 

Within the oWoodland snowpits excavated very near the open spruc~ 

runoff plot during thel"initial melt period, the diversion layer com-

prised the uppermost 10.4% (water equivalent) .of the snowpack.. This 
, 

value was extrapolated to the snowpack in the runoff plot, as excavation 

of the snowpack within the runoff ene-Iosure to determine the actual 

extent of the diversion layer wou1d have disturbed the natural melt 

pattern. 

Construction of the runoff plot is such that discharge originating 

from the upper snowpack layers cannat be separated from baseline flow 

r'esulting from water seeping vertica1ly through the snowpack to the 

ground 1eve!. The snowpack w1 thin the runoff plot near the weir was 

sculpted at the initiation of melt such that the meltwater draining 

<.-<J downslope in the upper snowpack in the manner described above was 

channeled into the draining tile' of the runoff plot. The phydical 

1 

/ 

.... /...{' 
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structure of the st,lowpits used to determine the diversion layer are 

shown in Figure 4-3. 

During the woodland -snow me1t period the diversion layer began 

forming on 2 May and had deteriorated eompletely by 12 May when a satur

ated layer was first visibl~' at the base of the snowpaek. In the runoff 

plot it was estlmated that 3309 L of snowpaek water eomprised the 

diversion layer. During the 2, 3, 8 and 9 May, 1555 L were diseharged 

f.rom the plot; approximat~ly 47% of the water equivalence of the diver-

- . 
sion layer • A review of th~ literature suggests that, '50-80% of the 

. ~ 
·tonie masses in the snowpack are removed during the initial 30% of snow-

melt runoff. This eould a110w a prediction of the range of nutrient 

~sses flushed out during diversion flow. -In order to prediet this mass 

flux, the assumption of chemieal ho~ogeneity of the snowpaek has to be 

accepted. Although nutrient concetltration differences do oceur among 

certà~n stratigraphie layers in the snowpack, - the actual values ar!= '50 

smaii that the sLgnificance ia more statistieal tha~eeOlog~Cal. It can 

· .' 

be assumed for the sake of this discussion that ehemical homog~ Il 
.AI -1_ ... __ _ _______________~ 

exists from the top to the bott-om of the snowpack: -----
, 

Based on this assumption, 10.4% of the snowpack volume will eontain 

10.4% of the snowpack nutrlent masse Durlng diversion flow approximate-

ly 47% of the water equivalenee of the affected portion of the snowpac~ 

,diséharged. lt would therefore be expected that mass flux from the 

diversion layer prior to lts deterioration wouid be in the upper range" 

or in èxcess of the 50 to 80% ion 10ss often mea~ured and reported for 
, 

the initial 30% of snowmelt runoff. The predieted values of mass flux 

during this time will range between 5.2' and 8.3% of the total snowpack 

.,~ 
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Figure 4-3: Physical structure of woodland snowpa<:k sno,.;rpits 
used for determining the water equivalence of the 
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ion content. On 2, 3, 8, 9 May 1980 the woodland anowpack, diversion 

layer was sampled in, close proximity to the wood land runoff plot in the 

faahion described in section 2.5.6. The' daily mass flux out of the 

diversion layer within the runoff plot was determined by multiplying the 

ionic concentration determined using the funnel method by the daily plot 

runoff. The actual discharging mass for each nutrient and the predicted 

mass flux are noted in Table 4-7. The actual mass discharge from the 

diversion'layer ra~~s between approximately 62% and 88% of the original 

mass, in accordance w1 th the reported exsol ving rates in the litera,.. 

ture. From the diversion layer, the discharging mass of the ions, with 

" the exception of TDP, ranged between 5i. and 8% of the respective total 

snowpack ion masses (Table 4-7). This was due not to total dissolved 

phosphorus exsolving in the snowpack but rather a slight difference in 

TDP distribution through the snôwpack at the, snowpits used to determine 

1 

the chemical load of the 0p!,!n spruce runoff plot. TDP mass in the dis-

charging diversion layer aeeounted for only 4% of the total TDP mass in 

the snowpack. Although statistically significant differences between 

~ 
stratigraphie layers were not detectable among aIl of the sites for TDP, 

th'e uppermost sampl1ng section (the diversion layer) of the snowpack at 

the two snowpits de~med representative of the nearby runoff plot had a 

lower TDP mass ( 1.13 pg L-l) than the underlying snowpack ( 3.44 ;tg 
J 

\ 
\, 

l 
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Table 4-7. The export of nutrIent mass From the diversion layer wIthin the wood land snowpack. 

Ca2+ Mg2+ J<+ Na+ TOP TP NOJ-

Date mg mg mg ~ mg I11g mg mg 

2 Hay 1980 DiversIon 333 111 133 281 2.36 9.51 192 

Plot dlscharge 862 236 317 517 16.15 19.30 202 
EnucOOlent 529 125 184 236 13.79 9.79 10 

'-, 

3 Hay 1980 DIversIon 107 J6 -43 9t .76 '.07 62 
Plot dlscharge 117 41 146 lOS 4 .. 32 5.56 70 

EnrIchnent 10 5 10J '14 3.56 2.49 B --
~~--

B Hay 1980 DIversIon 13 5 4 12 .06 .35 7 
Plot discharge 14 6 25 21 1.04 1.86 11 

Enuchment 1 1 21 4 .98 1.51 4 

9 Hay 1980 DIvers,l.on 87 34 12 BO .13 2.11 48 
Plot dlscharge 127 74 121 206 9.19 16.50 166 
Enrlchment 40 40 109 126 9.06 14.39 llB .,. 

.. - - - - - - - - - - - - - - ------ - - - - -
c. 

~ enrlchment 2 May 160.0 113.3 1 J9.0 83.6 584.0 103.0 5.2 
3 May 8.9 13.4 240.0 15.4 466.0 81.0 13.0 
8 Mal' 8.4 29.6 55~.0 85.1 1575.0 428.0 44.8 
9 May 56.1 117.7 900.0 158.5 7090.0 682.0 244.0 

----~--- - - - - - - - - - - - --- - - - - - -
Total mass flux 540 186 192 464 3.31 15.04 309 
From dl verSIon layer 

.-

Total mass ln 828 298 232 729 3.74 22.10 471 
diVe rSlOn layer 

Total mass ln 7939 2539 2268 7314 91 280 5167 
runoff plot 

ProportIon of mass 65 62 83 64 ' 88 68& 66 
exported From dl.Verslon 
layer (~) 

The exported mass From the 7 7 8 6 5 4 6 "-
dl verSIon layer 8S a ~ of the 

runeff plot snowpack msss 

r ' , 
1 
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4.3.1.1 Daily and total nutrient mass budgets for the diversion 

layer of the woodland snowpack. 

Table 4-7 lists the' daily mass of nutrients fluxing out of the 

diversion layer and the corresponding daily flux of nutrients from the 

plot. Enrichment factors are 1isted for each ion. With the exception 

of N03 -, the percent age enrichment above the expected value follows a 

siml1ar pattern, though the actual degree of enrichment among different 

ions is qui te large. The resuIts indicate that diversion flow seeps 

into the snowpack below the dense, stratigraphic 'layer over which the' 

saturated layer forms. The significant enrichment indicates that melt-

- water originating from the diversion layer was percolating into the 

lower stratigraphic layers most probably a10ng the stems of shrubs and 

herbs and trunks of t;rees which extend. into and in sorne cases through 

the diversion layer. This interaction likely eXl'lains the very s ign~fi-
p ~ti' 

cant increase in TDP and mass above that found in the diversion , 

layer.- It is wide1y reported that snow méltw~ter leache& high quanti

ties of Jet from organic matter in snowpacks. The leachipg pf organic 

matter may exp1ain the increase in TDP mass as weIl, at least durin~ 

this initial stage of melt. 

The substantial enrichment noted 1~ the runoff plot discharge on 9 

May .1980" for Most ions may indicate initial contact with the organic, 

ma~erial at the base of the snowpaék. 
\ 

A saturated layer at the base of 

the woodland snowpack was not noted on this date. 

4.3.2 Forest runof! plot 

At approximately the 30 cm depth (the depoth varying slightly from 

site to site) in the snowpack, a layer of snow with a density of .35-.40 

g cm-3 (the range of values from a sampling of 12 snowpits) impeded 
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meltwater ver~ical, flow, diverting the me1twater _ do1Jnslope. Obsetva-

fions in the snowpack adjacent to the snow run~ff piot strongly sugges~ 

that be~ween l -May ;nd 10 May 1983, J~ch of the snowme1t water was) 

diyerted downslope by this· dense layer .of snow. Duriog this period of 

time, approximately 5.8% of the total snow runoff p10,t water equivalence 

. , 

discharged ioto the weirbox, representing 17.4% of the total runoff plot \ 

wa t er equi valence. ApprQximately 33.3% of the water contained withiJI 

this upper strata c dlscharged between 1 and 10 May. 

lt ts 'Expected as dlscusged above for the woodland snowpack, that 

between 50 and 80% of the ions measured in the upper 30 cm of the snow-

pack will be accounted for in the plot discharge dur-i.ng this period of 

Ume. Assuming uniformity of nutrierit 'Concentrations in the soowpack 

, " from the surface to the base, this. ~range of dlschél~ing nutrients will 

account for between 8 and 14% ~f the total ion content of the snowpack • 
./ 

Table 4-8 demonstràtes that ooly TPand' N03- mass discharging during 

this Ume period faU close to t~é expe'cted discharge (15% and 16% 

respectively). Ca 2+, ,Mg2+, Na+, TDP and espec1ally 10" far exceed the 

expected mase discharge. In aIl cases, except TP, TOP and N03-, the 

discharge mass far exceeds the total measured nutrient rnass in the 

diversion layer. A plausible reason for this ls that discussed ~or the 
, 

woodlancl runoff plot, that' is the downslope diversion of snowmelt water , 

is not 100% efficient and a 'à~11 portion of meltwater is channelled 

vertically to the snowpack base along branches of shrubs, and tree 

trunks. The enrichment factor shown (Table 4-8) 1s stmply the percent-

age increase in the d1scharge of the actual measurement over th~ 

~ected measuretnent. The expected measuremènt is assumed to be 65% 

-, 
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Table 4-8. ,The export of rutrient mass From the diverslon layer wlthin the Forest runoFF plot 
snowpack. 

Ca2+ Mg2T 1(+ Na+ TOP TP NOJ-
Date mg mg mg mg mg mg mg 

2 Hay 1980 Dlversion 399 164 246 377 J.O 17.4 339 
Plot d-ischarge 659 J71 560 970 5.9 7.7 430 
Enrlchment 260 207 314 593 2..9 9.7 91 

J Hay 1980 Dlverslon 227 ·109 139 274 1.7 10.6 246 
Plot diacharge 560 90 569 620 5.4 7.9 ~ 410 
Ennchment BJ 19 ·430 346 J.7 2.7 164 

7 May 1980 DlverSlon 23 37 14 94 .1 1.9 89 
P lot dl scharge 116 46 24 214 1.1 2.7 1 213 
Enrlchment 93 9 10 120 1.0 .8 124 

~ ~) 

------- - - .. - - - .. _--- - - - - - ------ .. 

~ enrlchment 2 May ,65 . 127 128 157 97 56 27 
3 May 147 17 309 126 218 25 67 
7 May 404 24 .- 71 128 10 2J8 139 

- .. -- .. _- --/- ---- .. - .. -,- .... 
, 

Total mess flux 649 J1Q 399 145 4.8 29.6. 6"4 
from dlverslon layer 

Total mass ln 975 " 460 451 101'5 .fi 41 1150 
dwersion layer 

Totel mass ln 5900 26~4 2875 6651 115 454 7002 
runoFf plot 

1 

; ft 

Proportlon of mass 66 67 88 73 '60 72 59 
exported From dlverslon 
layer (::;) 

The exported masa From the 11 12 14 11 4 7 10 
dlversion layer as a ~ of the 

"", runoff plot snowpsck mess 

\ -
'" 

( 

(-' 
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o ' o 
(the mean reported ex~olvin~ (igure for snowpacks) of the total measured 

ion mass within the top portion of the snowpack. 

Although there is interaction at the downslope end of ,the forest 

. ' 
run<;>ff pl"ot with snow below the diversIon layer, as the meltwater seeps . .. 
down al0!lg the sculpted fâce of the snowpack to the 'dlscharging tHe, 

~. ~ 

th:t's would not account for the large increases in {lUt/lent ~~oncentration " . . / / . 
recorded in the plot discharge (Table 4-8). 

. , 
Sample~taken directly from 

the saturated runoff 

-
yield concentrations 

~ 

layer within the snowpa~ng 

for ea 2+ Mg2+ Na+ I(i- TOP TP , , , , , 

\ 

-t;.he ear ly mel t' 

and N03 - which 

are, on the average approximately 45% less than those samples taken from 

the dis~harging plot (Table 4-8). The differences between plot runoff 

and diversion ~yer exported mass listed in this Table clearly indicate 

enrichment during tne 3 Mily runoff for aV nutrients exc!,!pt Hg2+. With 

reduced concentrations» the same patt~rn is evident on 7 May, with the 

excépt ion of Ca 2+ • 

The nutrient concentrations measured directly from the saturation 

.layer for 3 May are sl,ig~tly elevated above the con~entrations deter

mined for the upper snowpack prior ta melt. This w~uld be expected if 

t,he exs.olving process discussed by Seip (1980) and Johanneson and 
. 

'Henriksen (1978) occurs. 

/ 

!' 

-' ~/ 
4.3.3 Implications of snowmelt water diversion for mass balance. 

The occurrence and duration and hence significance of downslope 

snowmelt diversion ls a product of, snowpack, stratigraphy at peak snow-

year, the intensity of melt and the density and structure ?f vegetation 

in the snowpack. 

,. 

/ 
./ 
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The less pronounced the stratigraphic density differenc'es within 

the subarctic snowpack. the ~reater the potential for interaction of' 

l!1eltw~ter and the underlying vegetation litter and soil surface. The 

rela,tive importance of the diversion layer is a function of the volume 

of water diverted prior to interaction with the ground surface (Chapter 

3). Many dense stratigraphie layérs within the snowpack eould clivert a 

significant percentage- of the snowpack 1 s ionie composition into water 

bqdies with li'ttle, if ,any, interaction with the vegetation, litter and 

soil at the base of the snowpack. Therefore, an increase in stratt-

graphie layers capable of divertlng snowmelt will reduce the nutrlent 

flux from'land to water body as seour i8 reduced. 

. .. 
4.3.3.1 Diversion of melfwater by ice layers 

... 
Seip (1978) discusses the/, frequent occurrence of seasonal thaw and ," 

subsequent freezing ln Norwegian snowpacks as being a significant 'factor 

, --------ln . reducing the contact between meltwater and sail. ' Although the 

occurrence of iee layers in the snowpack ln this regio\is rare (Price 

and rrunne, 1976; Manuel, 1983), formation of lee layers wi!hin the snow-

pack would increase the dis placement of meltwater downslope. More 

probable than the formation of iee layers within the snowpack due to 

rainfall or thaw-r!'!freeze per10ds during the snowyear ls the forma tion 

of an ice layer on the ground surface by freezing tain in late fafl. In 

the autumn of 1979 such a storm blanketed the ,Schefferville regio'k wlth 

an ice layer up to .5 cm thick. Within a, few days, an intense storm 

deposited approximately 25 cm of ,snow on the landscape. The ice layer 

persisted weIl into December, when it appeare~ to have melted - primar-

ily, lt ls assumed, due ta heat flow from the 80il to the air column 

\ 

.. # ... ' \ / 

- \ 
:-' 



\ 

" , ., 
1 
"'1" 

( 

~I 

- 136 -

above the snowpack. A coU:bination of climatic factors could result in 

the persistence of an ice lay~r at the base of the pack through t,hé 

..snowyear. This ic.e 'Wou1d reduc;e the contact of meltwater and ground 

surface at least during ,tne init\ial portion of the discharge when the 
\ ' 
\ 

flux of hydrogen io~s out of the snow column is highest. , \ 

\ 

4.4 'jas. balance of the rqnoff Plot~\ 
\ 

Nutdent mass balance Ca1CUlatio~ of the runoff plots enable an 

accurate evaluation of snowmelt runoff :i.'~teraction with the" ground vege-
\ 

tation, Htter and- soil 
\ ' 1 

surface st the b,se of the pack. In arder to 

.\ 
of nutrient mass f'rom the runoff plot, the méan caiculate the daily flux 

concentration of' the discharge' semples for 'è,ach dai: was ca1culated and 

multlplied by thé concomi tant daily dis charge • The number of samples 

taken daily was primarily a function of melt intensity. D~ring veryl 

cool periods when discharge from the runoff plots ~as reduced ta more or. 

~, 
less a trickle on1y one sample was taken. Up ta 'Six samples were taken 

doring. perio"âS"of intense me le • 

An alternative method of evaluating the mass fI·ux from the plots 

{nvolves calculating blacks of mass discharge during the 24 hour 

period. The number of blocks is a function of the number of samples 

taken during the day. The concentration for each sampling time would 

then be appl1ed ta a certain period of time on the hydrograph which 

wou1d correspond to a specifie me1t water volume. The cortcentration 

·times the designated volume would produee a block of mass discharged 

du~ing that period of time. 

(j 
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The daUy mass flux would simply be the sum of the bloc, " j<;ses 

determined for each day. The prob1em with this ca1cu1ation ls that fts 
1 

aC,curacy may on1y be as good 8S the former method where the daily mean, 

concentration ls used'. The inaccuracy is focused on the assumption of' 

what volume corresponds ta a particu1ar measured concentration. The 

error involved here cou1d be large. The po't,entia1 for erroI- i5 111us-

trated in Figure 4-4, which shows the hydrograph' sampled in the forest 

" me1twater runaff plot on 31 May 1980. In the initial hydrograph (a) the. 

divisions pertaining to the sampled concentrations are chasen arbitrar-

11y and the mass contributions to the outflow are calculated. The 

total mass of TP is 11,833,ug. The mass flux calcu1ation using the mean 

concentration is 12,470f{g. In the second hydrograph (b) in Figure 4-4, 

the .arbitrary boundaries are shifted by 1· hour. The resulting total 

mass flux,af l'P is.now 12,083#g. Tt ls thus demonstrated·that assign-

ing the position or the arbitrary boundaries may result in substantial 

errors. 

Scheider et al. (1979) examine various methods of accurate1y ~va1u-

ating the P mass ,discharging in streams. They state that continuous 

measurement of discharge and occasional samp'ling for. [P l dete~ination 

produces an accurate estimate, 'of the ~ctua.1 P mass discharge. ' 

According to their work, the [Pl determined at the midpoint of the 

time interva1 in question results in the most accurate estimation of the 

P mass discharging in streams. Appl1cati~n of this method to the data 

illustrated in, Figure 4-4 results in an estimation of total mass dis-

charge for this 24 hour period of 1O,430.A g; somewhat less than the 

estill}ates given above. An alternative method dlscussed by Scheider ~ 

al. (1979) uses the mean [Pl at the endpoints of the sampled time 

1 
" 
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interval. Incorporation of this method with the example shown in Figure 

4-4 r~sults in a total mass discharge of 13,096)(g. 
. 

It is assumed that 

a mean of several samples taken through the time period--in this case 24 

hours (the method employed in this. study)--would be more accurate than 

the two preferred methods listed by Scheider .!!. aJ. 
d 

4.4.1 Tundra plot mass balanèe 

, 
About 95 percent of the snowpack in the_~ tundra plant community in 

the Elizabeth Lake catchment meited between 26 April 1980 and 2 May 

1980. The me1t was interrupted on 1 May 1980 when ambient air tempera-

tures dropped below freezing (-5.2~e. recorded it\. Schefferville). The 

remalning snow in the runoff plot melted and discharged on the following 

day. The daiIy flux of nutrients from the tundra plot is shown in Table 

4-9 and illustrated in Figure 4-5. 

On Table 4-9 there are two values lis ted for daily mas s flux. The 

Initial value ls that calculated from the actuai daily volume of water 

discharging from the plot. During the total melt period, there was an 

11.3% discrepancy between the estimated volume of water in the snowpack 

(after the error of the sampling method for water equivalence determina-

tion was accounted for) and the measured volume of water discharging 

from the plot. During the short runoff period, leakage occurred at the 

discharging end of the runoff plot. As the sail was frozen (section 

3.3) and evaporation was close to zero (section 3.3) 1t is assumed that 

most of the 11.3% discrepançy can be accounted for in the leakage. Thus 

the second number .1isted in brackets for total daiIy mass inc1udes t~e 

11.3%, assumed to di,scharge proportional1y to the daily melt pattern. -
c 
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able 4-9. 

Ipril 26 

27 

28 

29 

JO 

1ay 

2 

1, 

1 
1 

,~ 

Oa~ly flux of nutr~ent8 from the ~undra plot. 

Ca2+' Hg2+ Na+ 

(mg) (mg) (lIIg) 

JIi (4J) 18 (21) J6 (40) 

IZ _ (25) 27 (31) n (82) 

281 (317) 112 (127) 320 (361) 

1,060 (1 t 192) 595 (671) 2,310 (2,608) 

1,580 -(1 ,775) 869 (979) 2,120 (2,387) 

0 (0) 0 (0) 

162 (183) 108 (124) 123 -( 158) 

3,140 (3,530) l,HO (1,950) 4,980 (5,640) 

\ 

-1 

1(+ 

(mg) 

17 (19) 

73 (8Z) 

135 (152) 

992 (1,118) 

1,520 (1,714) 

0 (0) 

140 (158) 

2,880 0,240) 

(-::-..... 

.' 

-TOP TP NOJ-
(mg) (mg) (lIIg) 

2.BO (3.16) J.74 (4.22) 27 (31) 

1.96 (2.21) 3.00 : (3.38) 29 (33) 

" 
7.62 (8.58) 18.20 (20.60) 124 (139) 

26.80 (J0.20) 44.60 (50.30) 1,060 (1,192) .... 
~ 

34.40 (38.80) 59.80 (67.40) (612) 
0 

54J 

0 (0) 0 (0) 0 (0) 

5.05 (5.69) 6.25 (7.04) 132 (148) 

78.70 (8B.70) 136.00 (153.00) 1,910 (2,156) . 

L 
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Figure 4-5: Daily flux of nutrients from the 
tundra meltwater [unoft plot. 
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Figure 4-5 illustrates the relationship between daily plot, 

discharge and nU~Tient flux. Generally spea.king 'the mass flux appears 
l ' 

to follow the d~scharge pattern. This is particul,arly true for, Ca2+, 
1 

, ' 
Mg2+, ~, TDP and TP. The maximum flux for Na+ and N03- occurs one day 

, 
prior to the maximum snowmelt runoff. For Na+ the mass discharging 

during peak runoff ls still high. N03.... flux the day prior to peak 

runoff amounts to approxlmately 52% of tne total N03- mass d1scharg~ng ~ 

from the tundra plot. The day of peë;k meltwater 
-',,-.... 

discharge, 

approxima tely 28Z of the measured N03 - mass discharges 'from the plot. 

This Is most l:lkely attributable to reduced N03- available for scour by 

meltwater runoff. 

The Ionie mass discharging from the tundra plot on 2 May 1980 is 

thought to be a partial product of the diurnal freeze-thaw cycle common 

at this time of the year .when th'e insulating eapacity of the snowpack is 

,JIluch reduced. The Ca2+, Mg2+, and NQ3- concentrations in the meltwater 

runoff of 2 May increased sign1ficantly after the freezing period Of 1 

May 1980. This indicates that the freeze and subsequent thaw may be 

important in releasing nutrfents from organic matter at the base of the 

snowpack. 

Linear regression between daily nutrient concentrations and dis-

charge for the tundra runoff plot ylelded no significant (95% CI) rela-

tionshlps. This i8 not surprising as the layers at the base of the 

snowpack wÙh which the meltwater Is interacting are 
... 

c?mposed, of 

essentially three separate units; soil surface, mor and ground vegeta-

tion. Thaw along the slope within these units will be progressively 

greater the further downslope as the volume of meltwater flowlng down-

slope at the snowpaek base would increase. Dlscharge at anytime during 
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. 
the melt would reflect the sum product of thaw events along the slope. 

As such, a clear cut pattern may not develop as different units at the 

snowpack base will have diffèrent availab1e-scourable nutrients. 

The results of the mass balance for a11 nutrients in the tundra 

plot are presented in Table 4-10 employing the estimated snowpack mass 

and the measured discharge. With the exception of N03- the calculated 

mass balances indicate Bubs tantial scouring -of nutrients from the . , 

organic matter ànd sail surface at the base of the snowpack. Enrichment 

of meltwater is calculated in the following manner; 

Oischarge mass - Snow mass 
x 100 

Snow mass 

Enrlchment of the meltwater runoff from the tundra sampling plot ia 

h1ghest for TOP (35~r.); other nutrients also show substantial scouring: 

~> Na+) Mg2+) TP) ea 2+ (Table 4-10). For N03-, approximately 4% of the 

• 
mase originally in the runoff plot snowpack ts retained, presumab,ly 

adsorbed by the vegetation and soil surface at the base of the snowpack. 

4.4.2 Open spruce-lichen woodland runoft plot mass balance 

4.4.2.1 Estima,tion of daily nutrient mass' contribution from the 

snowpack 

In arder ta determine the daily change in snowmelt runoff chem-

istry, that ls whether retention of snowpack source nutrlents or scpur 

of nutrlents from organic matter occurred, the daily contribution of 

~>, 
nutrients from the snowpack to the base of the' snow was ascertained. 

This was possible in the woodland and forest snowpacks due to, the 
"\..../ 

presence of diversion laye,rs. Absence of a diversion layer in the 

\ 

, 
( 
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Table 4-10. Ta tal nutrlent mass dlscharge From meltwater runoff en-

1/ elo8ures, orIgInal snowpack nutrIent mass at peak,; snowyear 
and resultlng enrlchment of snowme It water attrlbuted to 

J 
scourlng of avallable form nutrlents during overland Flow. 

Tata 1 mass flux Snowpack mass Scoured mass ~ Ennchment 

Tundra 

TOP }tg a .87 · 10 4 1 :96 • 1/3 4 6.91 · 104 353 

"'. TP )A.g 1 .53 • 10 5 .61 · 10 5 .9Z · 10 5 151 

"" NO,- mg 2.16 - 10 3 2.24 • 10 3 .08 10 3 -4 l''e te "flOt\. 

Ca Z+ mg 3. 53 .. 10 3 2.13 ' 10 3 1.40 · 10 3 66 

Mg Z+ mg 1 .95 .. 10 3 .74 • 10 3 1. 21 10 3 164 

Na+ mg 5.64 · 10 3 2.01 · 10 3 3.63 · 10 3 181 
r 

K+ mg 3.24 · 10 3 .B4 10 3 
, .r 2.40 10 3 286 

Woodland 

TOP Ag 43. 3J • Hl 4 9.10 , 10 4 J4 .23 104 376 

TP J..9 7.22 ~ 105 2.79 • 105 4.46 , 10 5 160 

.NO, - mg B.n , 10 3 5.09 • 10 3 3.23 \ 10 3 63 

" Ca 2+ mg 13.82 , 10 3 7.95 .. 10 3 5.87 · 103 74 

MgZ+ mg 3.94 • 10 3 2.54 ' 10 3 1 .40 • 10 3 55 

10 3 10 3 
. 

10 3 Na+- mg 10.19 · 7.31 • 2.58 • 35 

K+ mg 9.19 , 10 3 2.28 1. 10 3 6.91 ~ 10 3 303 

7 

-r 
Forest 

)OP .Ag 29.~1 • 10 4 11.4Z \ 10 4 18 • .50 " 104 162 

TP .Ag 7;16 • 10
5 2.70 10 5 4.45 1 10 5 165 

N03- mg 11 .40 · 10 3 6.89 • 10
J 4.51 10 3 6.5 

/ 
• 

Ca 2+ mg 20.37 , 10 3 5.88 • 10' 14.49 • 10 3 246 

Mg2+ mg 7.99 • la' 2.34 • la' 5.6S , 10' 241 

(' " , 
Na+ mg 16.84 10 3 6.19 • 10 3 10.65 ~ 10 3 172 

K+ mg 13.13 , 10' 2.89 · 10 3 10.24 1 10 3 354' 
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,f 

tundra snowpaek eliminate~ the possibility of separating the daily snow-

, 
pack nutrient contribution from the runoff plot discharging nutrient 

~... ~ 

masse 

E'stimation of the nutrient flux from the snowpack was based on 

samples taken frS>1n the upper portion of the 
1 

snowpack defined above 

(section 4.3.1) as the dive,:sion layer. The sampling method is dis-

• eussed in Chapter 3. The nutrient flux patter-n for the diversion layer 

was a1so used for the lowet' portion of the snowpack. 
--..., , ), 

The justification 
\ ... J 

for this is that the lower portion is initially similar in chemistry 
,J 

(section 4."2) and snowpack structure (stratigraphy, density, water 

equivalence - Chapter 3) to the upper layer. Further it is assumed that 

the organic litter composition within the upper and lower snowpack 

should be similar as both portions of the snowpack are subje~t to simi-

lar organic matter deposition because the source, ,the surrounding, vege-; 

tation, remains essentially the same through the snowyear. 

The pa,ttern of ion exsolving in the snowpack varies according to 

~he nutrient. Basically, th~ pattern is ~s reported by Seip ~ al. 

(1980); that is, a significant portion of the ioqs are exsolved out of 

the snowpack during ,the initial 30% of the melt. 

\ 
During the initial 30% of me1t from the diversion layer, the fol-

lowing perc~ntages of specifie nutrient mass initially present therein 

are discharged: TDP (85%), ~ (77%), TP (58%), N03: (56%), <::a 2+ (~5%), 
L 

Na+ (53%), Mg2+ (51%). Flux of thë remaining mass of nutrients during 
l' " 

the final 70% of the melt runoff was determined by assuming that mass 

discharge would be discharged evenly on a weighted Mean basis ,with mel t-

water discharge. 

, " 

, , 

" 

" 
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This method which assumes equal ~ss disch~rge per unit of snowme1t 

wate~~ischarge is basically inaccurate; however, because of the absence 

of data or a better method of simulation It will suffiee. In the melt 

period the initial mass flux during the final 70% of water discharge 

will contain proporÙonally more mass than th~t discharging during the 

latter periode Data published by Johannessen and Henriksen (1978) re-

Bulting from field lysimeter and laboratory snowmelt studies show that 

during the latter 50% of the 1l\elt period, the curve deseribing the mass 

flux of nutrients follows the hydrograph, suggesting proportional mass 
o 

flux with meltwater discharge. The water discharge recorded after the 

initial 30% and prior to the Iast 50% diseharge of meltwater volume had 

more mass per unit discharge than that found during .the last 50% of 

meltwat'er discharge, and significantly less than sampled in the initial 

30% melt. 

In terms of the total chemical mass balance for the runoff plots, 
c 

any error resulting ftom the weighted Mean calculation for mass dis-

" 
charge will be minimal as the disp1acement of mass should balance qut. 

,. In order to estimate the nutrient mass flux, the upper and lower 

snowpacks are each divlded into two melt events; the initial 30% and the 

secondary 70%. For' the two events in the upper snowpaek, the vo'lumes 

are calculated such that they ean be used to estimate the flux of nutri-

. . 
ents out .of the snowpack on a daily ba~is. The hydrologieal discharge 

f 
for the lower snowpack ls evaluated in simi1ar fashion for the sâme pur-

") 
pose. 

As a-saturated layer was firat obs:Jved at the base of the woodland 

snowpack on 12 May 1980 it was assumed that on this date the entire 

snowpack within the woodland runoff plot began eontributing meltwater. , 

.... 

, , 
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4.4.2.2 Nut rien t input to and output trom the wood land runoff 

Figure 4-6 illustra tes on a daily basis; a) the measured/calculated 

snowpack me1twater maS8 flux ta the ground, b) the measured mase flux' 
, 

from the woodland plot and ,c) the difference between these two measure-

" .ments whlch 18 assumed ta be- the mass of nutrients lsrgely scoured, from 
t> 

the base of the snowpack. The pattern of mass dlscharge from the wood-

land plot vaguely resembles the bimodal snowmelt runoff hydrograph. The 

daily values for each ion are -listed in appendix C. The total mass 

balance for each ion is listed in Table 4-10. 

lFor ail measured ions, on aIl snowmelt da ys the mass flux exceeded 

-
the calculated snowpack contribution. Enrichment of mass in the plot 

outflow above that determined for the runoff plot snowpack, was greatest 
\ 

"-for TDP (376%) while Na+ had the least enrlchment (55%). The 
1 • 

possibility of error in calculating the latter 70% of the snowmelt mass 

flux bol!h within the diversion layer and the large underlying snowpack 
• 

has been acknowledged. Implementation of' ,data more attuned with the 

actual s~ôwmelt runoff contributions at this time would likely result in 
" 

decreased scour during the 18, 19 May (when the initial 20% of the final 

70% of runoff from the larger snowpack occurs) and increased 

during the last few days of the melt. The scour of nutrients from the 

ground vegetation, mor and soil surface is examined in greater detail in 

Chapter S. 

, 

t' , 

t' (71 
" 

~ 
~ 

. 
" 
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1980 ,prlnl!ll'!lt in th. vood1and 
melt.",ater runoff plot. 
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4.4.3 Closed spruce-moss forest runoff plot mass balance 

4.4.3.1 Estimation bf dally nutrlent mass contribution trom the 

snowpack 

During the melt period, the daily contribution of s~owpack nutrient 

mass to the base of the snowpack was assessed in the same manner as des-

crihed for the woodland runoff plot (section 4.4.2.1). A glass funnel 

was used to collect samples from the diversion layer of the forest run-

off plot snowpack as described in Chapter 3. 

During' the initial 30% of meltwater dis charge from the diversion 

layer in the fores t runoff plo t, 50% of the N03 -, Né and Mg2+j 55% of 

the TF and 80% of the ~, Ca2+ and TDP mass contained initially within 

the diversion, layer discharged. The discharge of the balance of the 

nutrient mass with the remaining 70% of the meltwater within the diver-

sion layer i8 determlned ln the same' manner as described in section 

4.4.2.1 for the woodland snowpack. This melt pattern determined for the 

diversion layer of the forest snowpack is applied ta the 1arger portion 

of the snowpack underlying the diversion layer. 

The initiation of melt for the lower snowpack was assumed to be 14 

May, when the diversion layer had c1early broken down and a saturated 

layer formed at the base of the snowpack. For a four day period (14, 

15, 16, 17 May)'there i8 nutrient contribution from the upper pack and 

the lower pack. The division of melt for these days Is assumed ta he 

50% from the upper and 50% from the lower pack. An error in this èsti~ 

mate of even 50r. would not affect the nutrient flux signif.icantly. 
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4.4.3.2 Nutrient in ut to and out ut fro~ the forest runoff lot 

Figure 4-7 illustrates on a daily basis; a) the measured/cal\Ulate 

snowpack meltwater °nutrient mass flux to the base of the snowp ck, b 

the measured nutrient mass flux from the fore1t plot and \) the 

difference between these two measurements which i assumed to ~e the: 

mass of nutrients largely scoured from the base of the .snowpack~ The \ 

\ 
daily values for each ion are listed in appendix D. The tota~ mass 

1 1 

budget for each ion is listed in Table 4-10. ~he calculated\ 1llflss 

balance indicate' significant scouring of aIl nutrients from the bJ e of 

the snowpack. Enrichment 1s hlghest for ~ (354%) ~nd lowest for N03-
l ' 
1 
1 

(65%). The scour of nutrients from the ground vegetît1on, mor and sail 

\ 
surface Is examined ln greater detail in Chapter 5. \ 

\ 
\ 

l' 

1 

\... 

\ 
\ 1 

1 
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Figure 4-7 : N~trlent ocour pattern during the 

\ 
1980 eprinl!Jll"lt in the foreot 
.... lt".ter runof! plot. 
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4.5 Conclusions 1 

! 

This chapter has defined and dlscussed the ~ormation and daily flow 
\ 

1 1 
patterns of discharge and nutrient mass within ihe divers~on 1ayers in 

the.woodland and forest snowpacks. It ia shown that the stratigraphy of 

the snowpack can play a role in dlverting me1twater downs1ope prior to 

contact with the ground surface .• 

lJhether this process occurs each siring is unknown, though diver-

sion of meltwater downslope by ice layers in snowpacks in temperate 

areas has been reported (Colbeck, 1977; Seip, 1978), diversion of f.low 

resulting from dense snow strata is unrêporteçl. The timing of the 

diversion has potentially significant repercussions on aquatie systems 

receiving the diverted water as it occurs during the ,initial period of 

the melt whe~' a great proportion of the ionic content of, the snowpack is 

exsolved •. Bypassing of the ground layers - potentially' capable of buf-

fering the initial acidic me1twater runoff - ensures that the water 

bodies receiving this portion of the melt water receiving a high concen-

tration of W. The significance of this process la a product of the 

? stratigraphie density differences and the percentage of the snowpack. 

water equivalence affected (L~.; the depth of the diversion layer with-

in the snowpack). 

This chapter has examined the terres trial nutrient mass balance 

during springme1t runoff. It has been established that significant 

masses of aIl nutrients examined, except N03- in the tundra, are scoured 
,~\ 

from the organic layers at the base of the snowpack. 

i 
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CHAPTER 5 

NUTRIENT SCOUR PATTERN IN THE WOODLAND AND FOREST PT COMMUNITIES 

5.1 Introduction 

This chapter 1nvest1gates the da1~)' pattern of nutrient d1scharge 
i 

from the woodland and forest runoff pl,ots throughout the melt per1od. 

Emphaa1s 1a placed on the two peak periods of meltwater d1acharge to 

discern/ changes 1n pattern which may 'Provid.e 1nsight into the 

interaction of meltwater and the organ1c horizons and mineraI so11 

surface at the snowpack base • . 

\j 

" 
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5.2 The daily pattern of scoured nutrient flux from the woodland and 

forest runoff plots. 
" 

It la of Interest to determine whether the difference in snowmelt 

water between the first an~ second major discharge peaks in both runoff" 

plots, is reflected in the chemistry of the meltwater discharging from 

the respective runoff plots. This question will be addressed further in 

this chapter. 

The daily pattern of scoured nutrient flux was not determined for 

the tundra runoff plot, as a diversion layer--from which the elution 

pattern of exsolved ions in the woodland and forest snowpack was deter-

mined--did not form during the melt period. \ 

Based on the runoff plot data, significantly more Ca2+, Mg2+, Na+, 

I(+ and N03 -. mass is scoured from the base of' the forest snowpack than 

from the base of the woodland snowpack. Only greater massés of TP and 

• , 
TOP are scoured from the woodland site. Comparative masses are listed 

~n Table 5-1. Due to the greater water equivalence ot the forest runoff 

plot snowpack, the scoured nutrient masses are corrected such that com-

parisons can be made between the two sites. This correction simply 

expresses the nutrient flux which could be exp~ted given equal volumes 

of discharging water from each site. The corrected values for the 

fores t runoff plot are listed in brackets beside the actual values. A 

comparison of forest and woodland scoured nutrient mass flux i9 

expressed in ratio forme 

Ouring the wood land and forest ~nowpack cA there are three dis

tinct periods of scoured nutr~ent mass flux. These coincide with the 

initial peak of meltwater runoff which is defined above' (chapter 3) as 

diversion flow and the two larger remaining periode of meltwater runoff 

\ 

1 
\ 
\ 
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Table 5-1. Total scoured nutrlent mass from "orest and woodland 
meltwater rune ff plots. 

Ca2+ 

M'g2+ 
1(+ 

Na+ 

TP 
TOP 
NOJ-

meltwater 
dlscharge (L) 

Forest 
(mg m- 2 ) 

161 
6J 

114 
118 

5 
2 

50 

36740 

(139) 1 

( 54) 
( 98) 
(102) 
( 4) 
( 1 ) 
( 43) 

(31796) 

2.01:1 
3.J8:1 
1 .21 Il 
3.00:1 

1': 1 .25 
1,: 4 

1.13:1 

1 : 1 

Wood land 
(mg m- 2 ) 

69 
16 
81-
34 

.5 
4 

3B 

31796 

1The values llsted ln brackets repreaent the scoured 10n mass From 
the Forest equlilbratêd wlth respect ta the water equlvalence of 
the woodland runoff plot. 

2 The ratlo expresaed 18 that between the equilibrated forest values 
and the real woodland values. 
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(Figure 3-3). The exceptions to this pattern include TP and TOP for 

both the forest and woodland and N03- in the woodland. For these cases 

t'here 18 no initial peak of scoured mass. 

For the sake of comparative .discussion of nutrient discharge from 

the woodland and fores t snowmelt runof f plots, the initial peak is i8-

nored a~ it contributes re1atively insignificant proportions of . the 

total scoured nutrient mas!;. The two large peaks of scoured nutrient 

discharge from the forest plot occur btt:tween 14 and 19 May (inclusive) 

" and the 27 and 31 May (inclusive). The peaks at the forest site account 

~. for 30.7 and 49.6% of the total meltwater discharge respectively. 

discharge recorded at the woodlan,d runoff plot during each peak 

essentially equal, 42.7% and' 42.9% respectively. 

The 

was 

The two major peaks are important for comparative reasons because 

" 1 
the initiB/l peaks in both the woodland and forest plots include the 

initial flush of meltwater from the larger portion of the respective 

snowpacks beneath the aforementioned diversion layer. This portion of 

the meltwa ter discharge from the snowpack con tains- disproportionately 

high fractions of the original ionic composition of the snowpack. The 

second peaks of meltwa'ter discharge from the snowpacks ta the ground 

surface are by comparison with the chemistry of the initial pe~ks rather 

dllute. For example, the flux of snowpack-source Ca 2+ during 'the 
. 

initial peak in thé forest snowpack runoff represents approximately 69% 

of the total Ca 2+ origi na11y in the ~nowpack. The second peak dis-

charges approximately 13% of the snowpack 's original Ca 2+ mass. This 

disproportional discharge of ea2+ in the forest snowpack Is representa-

tive of the pattern of the exsolving of other nutrients out of the wood-

land and forest snowpacks. 

, " 
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In the two plant com~unit1 runoff plots the two peaks of discharge 

account for between 71 and 84% of the scoured nutrlents in the wood land 

and between 56 and 13,4% in the forest. The percentages of nutrlents 

scoured during each peak in both the woodland and forest runoff plots 
e ,. 

are listed ln Table 5-2. 

Comparison of the first and second peak meltwater discharge periods 

for woodland and forest is made possibly by equilibrating the values ." 

such that the total meltwater dlscharge for both initial and then both 

secondary peaks are equal. This allows a comparison of nutrient avail-

abil1ty between the woodland and forest plot during the Initial peaks 

and then during the second peaks. Tabl~ 5-3 below ill~strates this com-

parison. During the initial and secondary peaks nutrient availability 

...... , 
18 much higher per unit of dis charge in the forst meltwate~ runoff, thls 

is especially so for <:a 2+, Mg2+ and Na+ during the second peak. The 

only exceptions to this are TnP and N03- in the first peak and TP and 

TDP in the second where the scour, per unit of discharge i8 higher in 

the woodl~nd plot. 

The apparent d~fferences in nutrient mass available for scour by 

meltwater in the woodland and forest plant communltles are thought,to be 

a product of the increased organic matter in the forest. Werren (1978) 

reports that in the Schefferville reglon the Htter fa11 wi thin the 

forest ls significantly greater than that in the woodland. This would 

be expected as th~ standing biomass is observedly greater than that in 

the woodland. The greater mass of TOP available for scour in the ~ood

:') 
land may be due to the notable (observed, not measured) accumulatibn of 

dwarf blrch leaves on the lichen mat ln the fail. Moore (1984) reports 

that in the subarctic approximately 63% of the first year litter decom-

/ 
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Table 5-2. The percentage of total nutrlent scour recorded durlng the 
t'irst 'and aecond major meltwater runot'f peaks ln bath forest 
and woodland runoff plots. 

-Foreat 
1 st Peak Znd Peak 

25.44 .8 J_) * 57.89 (1.17)* 

38.75 (1.26) 45.38 .92 ) 

32.34 (1.05)' 48.21 .97) 

Na+ 17.21 ( .56) 61.38 (1.15) 

TP 35.54 (1.16) 20.70 ,.42) 

TOP 35.02 (1.14) 38.11 ( .78) 

20.05 ( .65) 63.87 (1.29)' 

Q JO.7Z 49.56 

Woodland 
tst Peak 

59.84 (1.40)* 

47.Ji.3 (1.11) 

J7 .40 .88 ) 

31.90 ( .75) 

35.63 ,( .84) 

45.42 (1.06) 

32.20 ( .75) 

42.66 

• 

2nd Peak 

17.86 .42) * 

24.84 .58) 

43.00 (1.00) 

40.0B .93) 

41.80 .97) 

3Jo 97 .79) 

52.59 (1.22) 

42.96 
l' 

( 
• Scour efflclency lS given ln brackets. ThIS IS def!ned as the per-

centage of scour per percent age of dlscharge wlthln each peak. 

, \ 
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, 
Table 5-3. A comparlson of nutrlent avallability between the woidland and for~at.~lot during 

the flrst and second major meltwater peaks. 

TP 

TOP 

Forest 
(mg ni- 2 ) 

41.06 . 

24.33 

36.79 

20.36 

2.02 

.72 

10.05 

Q (L) 11286 

1st Peaks 

Ratio 2 

1. 20: 1 

2.71:1 

1.46:1 

2.Z8:1 

1.13:1 

r: 2.10 

1:1.01 

1 : 1 

;:s 

Woodland 
(mg m- Z) 

41.07 
Cl 

10.73 

30.Z3 

10.78 

2.15 

l.B2 

12.17 

(8.97) 

(25.-15) 

(8.93) 

(1.79) 

(1.51) 

(10.13) 

13564 (11286) 

2nd Pe,aks 

Forest 
(mg m- 2 ) Raho 

" 

93.2 7 .R : 1 • 12.26 
Î 

28.49 7.0: 1 4.07 

54.76 1. 26: 1 34.77 

73.23 4.35:1 13.48 

2.18 1 : 1.25 2.1 a 

.BO 1:2.13 1. 36 

31.,99 1.29:1 19.88 

18208 '13665 

, 

Woodland 
(mg m- 2 ) 

(15.32) 

(43.44) , 

'(16.84) 

(2.72) 

.(1.70) 

(24.84) 

(18208) 

Slnce the dlscharge of ,meltwater, between the forest and woodland dlffers for the 1at and 
2nd peaks, the woodland values were multlplled by a Factor equlilbrating the dlscharges. 

2 The ratIO expressed lS that between the equlllbrated woodland value~ and the real Forest 
values. 

" 

, 
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position occurs between just prior to the forma~.ion of the annual snow-

pac~ and the end of the snowyear. Moore (1983) reports a substantlal 
/ 

/ 
fraction of the decomposi tion which is reported at this tim_e occurs in 

-
la te ,autumn. Regardless of the timing of the CIecomposition, ,the bypro-

ducts of th1s process - available nutrients - wouls' be subject to scour 

by meltwater during the spring melt. 

Theo change in scoured nutrients per unit of dis charge is evident 

between periods of peak discharge in both plant communities (Table 

/ 

5-3). The on1y exceptions are TP, Na+ and 1(+ flux 19 the woodland run- , "-

off. This change for most nutrients indieates tha~ )irouree of supply. 

changes through the melt perlod. ~ ~. 

For Ca 2+, r, and TP the pattern of scour differs s1gn1ficantly 

'between the woodland and forest runoff plots. The woodland pattern 

Q shows a high scour of Ca 2+ ln the initial peak diminished signlficantly 

in the second peak. This' is reversed in thé forest plot. 
1 

In terms of 

scour efficiency ~ scour in the forest plot is somewhat greater during 

the first of the two major peaks of mass discharge; this pattern i!! 

reversed in J:he woodland plot. In the woodland plot runoff, TP mass 

scoured duri:g the second peak ls slightly greater than that recôrded 1: 
the initial peak. In the forest runoff, the scour of TP is much moré 

pronounced during the initial peak. Scour patterns oetween the two pun-

off plots for Na+, Mg2+, TDP and N03- are th~ same. Certain assumptions 
\ 

can be drawn with regard to the pattern observed ln Table 5-4. 

A reduction in the supply of nutrients from the flrst major dis-

1 

, charge peak to the second peak means eithp.r one of four things occurs, 
i ! 

or a combination of aIl: 1) ad~orp'tion of nut dents by thawed soil at 
( '. 

the base of the slope. 
i • 

2) absorption of certain nutrients (P, N) by 

, 
, . 
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Table 5-4. -Nutnent scour durlng the fast and second 
major meltw~ter runeff peaks ln bath foreat 
and woodland runoff plots. 

Ca2+ 
Mg 2+ 
K+ . 

Na+ 

TP 
TOP 
NoJ-

lst peak 
scour 

(mg rn-·2 ) 

41.06 

24. J3 
36.70 
20.36 
Z.02 

.72 
10.05 

lat pèak 
seaur 
(mg m- 2) 

Forest 

Ratio 

1:1.41 2 

1. 3B : 1 
1. OB: 1 
1:2.23 
1.49: 1 
1.44: 1 
1: 1. 97 

Woodland 

Ratlo 

3. JB: 1 2 41 .07 
10.73 

30.23 
10.78 

- '2 • 66 : 1 

2.15 
1. 82 

12.17 

t: 1.14 
1: 1. 24 
1 : 1 

1.J5:1 
1 :1.~2 

2nd peak 
scour 

(mg m- 2) 

93.2 

2B.49 
54.76 
7J.2J 

2.1 B 
.BO 

Jl.99 

(57.77)1 

(17.66) 
(33.94) 
(45.39) 
( 1.35) 
( .5 a) 
(19.8J) 

2nd peak 
seour 
(mg m- 2 ) 

12.26 
4.07 

34.77 
1 J .48 

2.1 ~ 
1. 36 

19 .BB 

(12.16)1 

( 4.04) 
(34.51) 
(13.38) 

( 2.16) 
( 1.35) 
(19.73) 

The flgures ln brackets represent the equlilbrated 
scaur values. The equlllbration has been conducted ln 
aecordanee wüh the volume of meltwater dlscharged 
durlng the Inltiai peaks ln the fore st and woodland 
runoff plots respectlvely. 

2 The ratIo expres8ed lS that between the equlilbrated 
2nd peak values and the actual 1at peak values,. 
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shallow root systems or microbial organisms, 3) redueed supply of "nutri-

enta available for scour and 4) reduction of cation exehange as the 

ionie content in the snowpack ia depleted significantly by the time the 

second major discharge is recorded. An increase in nutrient supply from 

the first to second peaks i5 attriDutable to continued thaw in the 

organie layers at the base of ~he snowpack and therefore inereased sup-

ply of certain nu~rients available for s~our. 

~eciphering the pattern of mass diseharge ls aided by consldering 

tHe' relationship between discharge and the amount of mass scoured from 

the meltwater plots during the two major peaks of snowmelt runoff 

(Figures 5-1 and 5-2). Linear regression analysis of the impact of dis-

cbarge on maS5 output is statistically invalid if the results are used 

to predi~t mass flux as the mass used in the relationship is a direct 

product of the dependant variable - discharge. Though statistically 

invalid for predictive purposes, it i5 used here as a method of eom
r:; 

paring the two periods of peak dlscharge within each runoff plot. 

In the woodland runoff plot a pattern exists for ~, TDP, TP and 

N03- where, during the primary peak (14-19 Hay, inclUSive) the water 

diseharge-mass discharge relationshlp is non-existent except for Mg2+, 

during the secondary peak for each of these nutrients and Ca 2+ and 

Na+ however the re1ationship ls statistically significant (Figure !5-1). 

In other words during the ini tial peak, for the nutrients in question, a 

factor or factors other than quantity of melting snow plays a role in 

determining the mass of nutrients flushed out of the woodland plot. A 
, \ 1 

simuàr pattern ia evident for Na+ discharge th,>ugh the regression co

M,/-I" 
efficient during the second peak ls not significant. The pattern ofA-ts 

somewhat different than that described for the other nutrients. Ouring 

/ 
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the initial peak, the mass-discharge relationship i8 stronger th an in 

the latter peak. 

The forest runoff data exhlbits patterns which are somewhat dlffer-

ent .from that found ln the woodland (Figure 5-2). The Initial pattern 

identified for [+, TDP, TP, N03- an9_Na+ ln the woodland is evident for 
>' 

10"' , , " TF, N03-, Na+, Ca2+ and Mg2+ mas S', flux in the forest plot, though 

for the weak initial discharge peak relationships exhibited for N03-, 
. 

Na+, Ca2+ and Mg2+, the regresslon coefficient ls negative. L The second . . 
peak linear regression~ are signiflcant for only TP, TDP and Na+. 

The pattern in the woodland strongly suggests that the early 

---
scoured nutrient mass is .a product of factors other than the discharge 

of water. These factors inc1ude availability of nutrients at the base 

of the pack and the release of a slgniflcant percent age of the snowpacks 

ion mass durlng the first discharge peak. 

The pattern of mass discharge from the runoff plots is a result of 

a compl1cated set of interactions involving the exsolvlng of ions from 

the snowpack to the ground surface and the thawing of s'urface vegeta-

tIan, mor and so11 beneath the snowpack through the melt. The availa-

hUit Y of nutrients for scour during the initial major runoff peak is 

limited as the organic strata beneath the snowpack 15 still partially 
1 

frozen. The potential for cation exchange with the organic layera at -
this time, though hlgh due to the chemistry of the meltwater, i8 negated 

somewhat as the number of potential exchange sites are restricted by the 

(1 

\ 

\ 

\ 
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J ~ p 

frozen Btate of the organic layers and soil at the base of the snowpack 

in both the woodland and forest plant communities. By the time the 

frost has disappea,red in the organie strata, the Boil surface has bégun 0 \ 

to thaw at the base of th slopes--and a greater number of sites for ion 

exchange are available--the 
C? 

e1twater discharging from the snowpacks is 

very dilute and the ion exchan potential generated by snowmelt water 

eompared with the earlier peak, iS\~Y low. 

Examination of the first major d~charge peak of the forest runoff 

plot for scoured nutrient mass reveals,~uring 13'-16 May inclusive, an 

~ntia~ high :~uX of nutrients, after which--despite ihcreasing discharge 

of ion rlch meltwater on 17 and 18 May, the mass of scoured nutrients Is 

signiflcantly reduced (Figure 4-7). This abrupt reduction in scoured 

rlUtrients i9 indicative of restrict;ed supply and exchange sites due ta 

frozen potential sources. After a further 20% of the forest snowpack 

\ 

me1twater discharged, a significant percentage of the to.tal plot nutri-

\ • ent mass scour (for each nutrient) occurred during the second major peak 
" 

qf meltwater runoff. 

In the woodland runoff plot, the same abrupt reductioll of scoured 

nutrient mess recorded in the forest runoff plot is not evident (Figure 
., , 

4-6). In the woodland site, with the exception of Ca2+, Hg2+, and TDP, 

the percentage of nutrient mass scoured per percentage of discharge is 
\ 

greater during the latter, more dilute portion ,of melt runaff than 

during the initial ion-rich 30% of the meltwater runoff (Table 5-2). At 

the forest site, TDP, Mg2+, Na+ and N03-_ have essentially the same dis-

charge pattern as noted in the woodland runoff plot; the patterns for 

I(1-, Ca 2+ and TP are dissimilar. For Mg2+, I(1-, TDP and TP, scour per 

litre of meltwater discharge is greater ln the initial 30% of the melt 

• 
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when tlÎ~ meltwater has a relatively high, concentration o~ snowpack 

source ions. lt seems apparent that in terms of total scoured nutrient 

mas~ dlscharging from the woodland and forest snowpacks, cation exchange 

plays a secondary role to the physical action of f10wing water. 

Comparative pH values of the snowpack water and corresponding plot 

discharge runoff water indicate that in both the woodland and forest 

snowpacks buffering by the ground layers and soil appear minimal during 

the initial exsolving of ions out of the snowpack,. 

Samp1es of meltwater taken during the Initial 30% of the meltwater 

flow out of the diversion layer have pH's ranges from 3.80 to 4.05 in 

the woodland snowpack and 4.00-4.15 ln the forest snowpack. Though the 

pH of the initial 30% of the meltwater runoff from the larger portion of 

the snowpack to the ground surface was not recorded it Is assumed to 

approximate that measured in the diversion layer. 

The pH of the melttoTater discharging from the plots durinS'- the 

initial 30% of discharge from the larger portion of the snowpacks ranged 

between 4;1 and 4.30 in the woodland and between 4.15 and 4.40 the 

forest plot runoff. The s11ghtly elevated pH's ln the discharging 

t relative1y low buffering by the organic matter at the 
, 

snowpack. ThIs reinforces the statement above which 

at at this time to low potentiai for: 1) ion 

exchange and 2) flushlng of available nutrients from' the base 'of the 

snowpack. 

5.3 Relatlonships between scoured nutrient concentration and meltwater 

dis charge • 

( 
CaIcu1ating relationships between concentration (scoure'd nutrients 

only) an1'l.~ischarge for the forest and wo'odland runoff plots yields no 

l 
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S ignificant relationships. This is not surprising as the laye'rs at the 

base of the snowpack which the meltwater is flowing over and through are 
(Jl 

composed of essentially three separate components j ground vegetation, 

mor and mineraI Boil surface. The thaw along the s lope wi thin these 

units will be pro~ressively greater the further downslope as the 

downslope portions will receive disproportionately more meltwater. 

Dlscharge at anytime durlng the' melt would reflect the sum product of 

thaw events along the slope. As such, a clear cut pattern May not 

develop as different components at the snowpack base would"" have 

different quantities of avai1able, scourable nutrients. 

5.3.1 Relationships between scoured nutrient concentration and time 

Though pattern is nat apparent in relationships between meltwater 

and discharge'Jind nutrient concentration, patterns do exlst between con-

centration and time. Examination of scoured nutrlent concentration on 

successive days of runoff reveals patterns of increasing and decreasing 

concentration of specifie nutrients (Figures 5-3 and 5-4). 

As notable scouring of nutrients occurs during the melt period it 

is of interest to this research to determine whether the scouring action 

has any impact on the nutrient status of the organic layers beneath the 

snowpack. 

The pattern of concentration change ln the forest runoff plot ls 

notably different than that of the wood land runoff plot. In the forest 

runoff plot there la a progressive lowering of the concentrations of 

mas t scoured nutrients through the springmelt. The only exception is 

N03-' For the woodland snowmelt data there is a lack of pattern through 

the entire melt period for Ca2+~ Mg2+, Na+ 1 rc+ and N03 -. For TP and TDP 

however, a visible pattern- exists wh~rein the concentrations of the 

l 
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Figure,S-3: Daily Scour concentration of nutrients from the 
base of the forest rneltwater runoff plot, 
Elizabeth Lake, Labfador. 
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Figure S-j Lon'tinued 
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Figure 5-4: Daily scour conu:"Il tr aJion of nut rients from t!le 
base of the woodland meltwater runoff plot, 
Elizabeth Lake, Labrador. 
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Figure 5-4 continued 
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. 
nutrient gradually reduce with time. For periods of time shorter than 

the entire me1t period patterns are evldent. During the rising 11mb of 

the inittal major meltwater runoff peak in the woodland snowpack (9-17 

May inclusive), the pattern of concentration is, for aIl nutrients 

except Mg2+, a mi rror image of that portion of the hydrograph, reflect-

ing progressive dilution. Although dilution during this time Is evident 

for ea2+, the pattern i9 not as-" clear as the shown in the Na+, ~, TOP, 

TP and N03- data. Similar patterns of dilution occur in the forest 

discharge data exist for Mg2+ ~nd N03- and to a 1esser degree for TP and 

TOP. Ca 2+, rc+- and Na+ display peaks of pronounced increases in 

concentration during the rising 11mb, of the initial peak meitwater 

discharge period in the forest. 

The loss of avallable nutrients from the base of the snowpack is \ 

best examined during the Iast portion of the melt ràther than ovel" the 

• - 1 

entire melt period for' it is during this ~ime when the organi~ layers 

are compietely thawed. Theoretically at this stage of the Plelt period, 

the meltwater has the potential to scour the 'total mass of aval1able 

1 

nutrients in the organic layers.·, The time period used to determine 

whether the day to day loss in concentration continues when the organic 

layers have thawed is the Iast major meltwater· d:f.scharge peak period. 

\-.. 
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During the initial part of this lIIeltwater peak Jrozen sections of 

organic material were still present at the base of both plant community 

snowpacks. Field observations revealed that by the Ume maximum dls-

charge occurred in this latter peak runoff period the frozen \organic 

materia1 had thawed more or 1ess completely. On the upper portions of 

slope isolated frozen patches of mor were found at this time. From this 

point of complete thaw in thé fores t runoff plot, 33% of the snowpack 

remains to discharge into the organic layers; from this point in the 

wood land runoff plot approximately 30% or the woodland snowpac~ has yet 

to melt. A significant volume of water therefore remains to flush 

aval1able nutrients from the recently thawed organic matter at the base 

of both plant communi ty snowpacks •. 

The pattern of lowering'concentrations is indicative of diminishing 

supplies of avai1able form Ca2+, Mg2+, Na+, K+, TP and TDP at the base 

of the snowpack. The same can be sa id of TDP in the organic layers at 

the base of the wo?dland snowpack. Moore (1984) reports that a signif-

icant percentage of litter decomposition in the eastern subarctic occurs 

during the snowyear. McBroyer and Cromack (1980) report similar find-

ings in t~e northern temperate regions. The results of this work in the 

8ubarctic indicate that on slopes, the snowmelt runoff scours signifi- .... 

cant masses of nutrients in relation ta that initial1y available in the 

snowpacks and i~relation to that available for scour in organic layers 

at the base of the forest snowpack to a limited degree in the woodland 

plant community. On the basis of the findings of Hoore (1983, 1984), it 

i8 suggested that as signlficant amounts of decomposition occur in the 

lit ter in these organic layers d~~ipg the snowyear that the avai1able 

. 
1 
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nutri'ents flushed out of the terres trial system. during spring meit 

represents a significant loss of nut'dents potentially available to 
1 

f};ese terrestrial systems.' This scouring wouid contribute to the 
( 

oligotrophic nature of subaretic terrestriai systems. Though the daiIy 

pattern of seour ià not known in the tundra, scour is reeorded and the 

process of snowmelt runoff here contributes to the oligotrophie nature 

of the tundra • 

.. 

5.4 Potential adsorption and absorption of scoured nutrients on 

thawed humus at the base of slopes 

The graduaI reduction in scoured nutrient concentrations discussed 
• 

above may in part be a p~oduet,of adsorption and absorption of available 

nutrients by the organic mat ter, fungus or microorganisms in thè thawed 

organie layers at the base of the siopes. 

DifferentiaI thaw of organic matter at the base of the sno~ack 

occurs because the lower most portions of the slopes will receive, pro

portionally more meltwater than the upper portions of the slo~. 

Division of meitwater runoff plot snowpack water equivaience in equal, 

sections indicates the very upper section receives liN m3 of water at 

the base of the snowpack. The lower most section receives N m3 of 

water. On any given melt date it i8 assumed that the Seime ratio 

exis~s • The Iarger volume of meltwater would speed up the thaw of 

ground vegetation, litter and upper layer of. 80il in ,the 1.9wer slope. 

The speed of thaw of a particular portion of the slope i8 directly 

proportional to its location on the slope. 
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Because the downslope organic~matter will thaw first, it Is feasi-

hIe that the nutrients scoured from the thawing upper portions of the ...... 
slope are adsorbed by organic matter, sail, or absorbed by microorgan-' 

isms in the lower most slope areas. ,This could, to some degree explain 

the gradually lowering concentrations of various nutrients in the latter 

part of the melt period, especially in the forest runoff plot. 

A consideration which may aid in explaining the pattern of ·IJ mass 

flux from the woodland and forest concerns the preferential adsorption 

on humus and sail colloids of Mg2+ and Ca2+ over Na+ and I(+". Black 

(1967:185) states that "dilution of a sail wat'er system containing mono-

valefit and divalent cations displaces the equilibrium in such a dir-

ection that the adsorption of divalent ions increases whereas the 

adsorption of monovalent ions decreases". The humus, ,or decomposed lit-

ter beneath the lichen mat in the woodland and moss in the forest is 

reported by Hesse (1971) to adsorb relatively more Ca2+ and, Mg2+ and 

relatively less I0- and Na+. As the humus ir. the lower portiôns of the 

slope have thawed during the second major peak meÙwater runaff period, 

conditions wou1d be Ideal for the retention of Ca2+ and Mg 2+ scoured , 
from upslope. In the woodland runoff plot, the ratio of equilibrated 

fwith respect to meltwater discharge) scoured mass between the first and 

second major meltwater discharge peaks for Ca2+ is 3.38:1; Mg2+, 2.66:1; 

Na+, 1:1.24 and K. 1:1.14 (Table 5-4). ~he pattern, though not proof of 

\ 
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preferential adsorption of the divalent cations in the humus ia the type 

of pattern expected if this process is ongoing during the melt period. 

~ 
The decrease in seour of available Ca2+ and Mg2+ in the woodland runoff 

from the first to second major runoff peaks are thought indicative of 

decreased supply rather than adsorption to humic matter. The reason for 

this is that through the last peak there is no indication of lowering 

concentration. Às more humus ls thawed it Is thought a greater propor-

tion of the available nutrient would be adsorbed and consequently the 

concentration of these nutrients in the plot outflow would deerease. 

In the forest runoff plot, the ratio of equilibra'ted scoured mass 

hetween the two major discharge peaks is Ca2+, 1: 1.41 i Mg2+, 1.38: 1 i 

Na+, 1:2.21 and 1(+ 1.08:1 (Table 5-4). The pattern is dissimilar. to 

that reported in the wood land runoff plot and is not indicative of the 

preferential adsorption of Ca2+ and Mg2+ reported by Hesse (1971). 

Whet~er Ca2+ 1 Hg2+ adsorption oecurs downslope i;; unelear from this 

data. Though the Ca2+ concentration decreases through the second major 
, 

discharge peak, the actual scoured mass per unit of discharge increases 

fr9m the first to the second major peak. 

In the forest plot, the pattern of decreasing Na+ concentration 

with time during the second major me1t peak i5 thought to be a result of 

depleting Na+ availability rather than adsorption by thawing soi1. Seip 

et al. (1980) state thaJ Na+ adsorption to thawed podzol soil during - - '''. 

snowmelt event is poor. Thé soil was observed to be frozen in early 

June. The N03- date (see below) indicates that the soi1s began thawing 

on 4 June. .. 
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The TDP runoff data during the latter melt period' in both woodland 

and forest is thought indicative of decreasing supply rather than 

adsorption by the sail because of the frozen 80il. 

N03- mass flux scour from the forest plot slowly increases on a day 
, , 

to day basis from 24 May to 3 June (Figure 5-4). As N03- is principally 

absorbed by plant rODts, fungus and microorganisms in the soil and 

litter layer (Morrison, Pers. comm. 1983, Hendrikson ~ al. 1982) it is 

thought the increase is indicative of a much reduced capacity of these 0 

agents for absorption. Low temperature is reported to inhibit N03- up-

take by microorganisms in the 1itter (Hendrikson ~ al. 1~82). Hendrik-

son ~ al. add that in the initial stages of decomposition organic mat-

ter aets as a nitrogen sink. Where litter is in advanced stage of 

decompositian, the organic matter will become a notable N03- source. If 

these observations apply ta the humus in the woodland and forest plant 

communi ties. continuing thaw of the mor at the snowpack base would 'yield 

N03-' As ft i5 reported that prganisms in this freshly thawed matter 

inefficiently absorb N03-, it is li~ that the N03- available would be 

scoured by meltwater runoff. 

Noticeable decrease in N03- scour occurs during 4, 5, 6, June in 

the forest runoff (Figure 5-4). This may be due ta increased biological 

uptake of N03- though the temperature remains 10w, saturated conditons 

still prevall .nd much of the soil remains frozen. 

The increase in thé N03- mass in the second major meltwater runoff 

peak in both wood land and forest could be due to a) thawing of organic 

material and release of N03- or b) nitrification. Brady (19,74) states 

nitrification can begin at temperatures Just above freezing but is 

( severely hampered by saturated conditions (see also Hesse; 1971), Buch 

, 
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at those at the snowpack base during melt. Had soil thawed substantial-

ly N03- mass reduction would likely be evident as the root systems of 

vegetation would readily absorb the nutrient. 

5.5 Conclusions 

In this chapter daUy exsolving rates for ions out of the woodland 

and fpre'h snowpacks were determined from patterns measured in the 

diversion layers. Examination of the differences between the daily ex-

solved values and corresponding nutrient mass flux from the runoff plots 

enabled an evaluation of the snowpack-ground chemical interactions 

through time. 

Significant seouring of nutrients from the basè of the snowpack 

occurs during the spring melt. Though the total mass balances are dis-

cussed in Chapter 4, the daily pattern of nutrient mass and concentra-

tian are examined,in relation ta discharge and the time of melt. 

The frozen eopditio~. of the organie layers and sail during the 

initial major discharge peaks in both woodland and forest snowpacks 

ind1cates that potential sites for ion exchange will be unavailable at a 

Ume when a substantial proportion of the ions are exsolved from the 

snowpack. The lack of buffering during the initial portion of the melt 

'will result in the dis placement of additional W to water bodies receiv

ing thel.meltwater. This has repercussions on the nutrient budget as 

potentially exchangeable ions on the frozen ground vegetation or humus 

are not scoured out of the system. 

In this chapter it is recognized that the scouring of nutrients by 

snowmelt water runoff ia in part responsible for the oligotrophic status 

~ 
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tian during the 1ate fa11 

communities locted on 

Just prior ta a al snowpack formation and 

slopes. As decomposi-of eastern'subarctic plant 

o 

during the snowyear ia aignificant (Moore 1983) it is thought that the 

scoured nutrients are in part dissolved nutrients made avai1ab1e during 
",. 

thls time. Thus i t is assumed that this scouring represets a notable 

factor in maintaining the oligotrophic statua ,of the ter~strial sub-

arc tic sys tems. 
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CRAPTER 6 

SNOWMELT WATER - LAKE MIXING, DURING THE SPRI~GMELT PERlOD. 

6.1 Introduction 
(. 

1\\ Chapter 4 examined the, daily flux of nutrients from the terres trial 

p~rtion of the system to the lakli!, and the daily mass balance of nutri-

\ ' e ta entering and diseharging from the lake. It was coneluded that a 

substantial fraction of the P (TP and :rDP), 10-, Na+ and N03- entering 
, 'J 

. the lake during the springmelt period was retained within t~e lake. 

This chapter will examine the interaction of" snowmelt water and 

Elizabeth Lake water during the springmelt period. 

Two methods are employed ta determine the degree of r:lixing. The 

firat method employs the natural isotopie ratlo of deuterium!hydrogen as 
~ . 

a tracer of snowmelt water in the lake. The second examines the temper-

- ature profiles taken during the sampling periods. A method is presented 

which deterlJlines the tempe rature of the lake water in the shallow lit-

toral zone.' given the caleulated' daily volume and t;emp'erature of in

~ 
coming snowmelt water and the measured solar radiation input to the lake 

water. 

6.2 The interaction of snowmelt and lake water using Deuterium/Hydrogen 

During the melt period samples of snowmelt runo'ff water, ,lake 

(j 
water, ice and lake diacharge wat'er were taken and later analyzed for 

deuterium!hydrogen (D/H). 

(. 
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In'~ order to use D/H as an efficient tracer of the snowmelt water 

entering the lake, sufflcient dlfferences in D/H values between the two 

water sources have to occur. Such ia the case at this location; mean 

values recorded' were: -144 O/OOj lake water, -131 0/00;' black ,ice, -112 
? 

0/00 and the outflowing stream -131 0/00. The error of the method was ± 

2 0/00. Samples for snowmelt water were taken on various dates through 

the melt period bath from inflowin.g streaIl}s to Elizabeth Lake and from 

the meltwater runoff plots. Lakewater from various depths was sampled 

on l, 2, 3 June 1980, most intensively along a transect illustrated in 

) Figure 6-1. The discharge was sampled on 24, 31 May and 4 June 1980. 

1 
Black ice was sampled prior to and during candling. 

The mean snowmelt runoff D/H value was -144 0/00 (range -140 0/00 

to -145 0/00. n "" 8). Lakewater shawed little variation except in the 

nearshore areas; the mean value was -131 0/00 (range; -128 0/00 ta -133 

~ ~ 
0/00, n .. 16). The discharge matched the mean lake water values; 24 

May: -130 0/00, 31 May: -131 0/00 and 4 June: -131 0;'00. The black 

tÉe concentration prior ta and during candIing was -112 0/00 and -121 
1 ( 

/fJ/O~ respecti vely. 
1 

----l'he results of the intensive sampling along the transect illus-

trated in Figure 6-1 are sh0'fIl in Figure 6-2. At the near shore site in 

.85 m of water, the sample taken at .75 m resembles the per mil values 

'" 
of snowmelt water; the sample concentration decreases to a value of'-130 

t 

0/00, 20 cm below the water surface. The low values taken at the sur-

face; -126 0/00 and -122 0/00- (sites G-J and G-7 respectively, Figu're 

6-2) indicate the influence of the melting black ice. The D/H values at 

'. 
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Sàthvmet rv map. Elizabeth Lake. Labrador 
(courte?y, Dr, F. Rigler). x d sdmpling ,ttes 
(-===-) ~. sampling transect Eor deuterium/hvdrogen 
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] es in the lit tora] 
f deuteTium/hvdro~en ~aa~rador. 2 June 1980. 6

2' Distribution 0 Elizabeth Lake, L} 0 are included. Figure - . sampling si te. en 
zone d 1ake discharge va u • Snow meltwater an 
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the seco_nd site located a further 4 m offshore from G-3, in 1'.85 m of 

water. indicate relative uniformity from the bottom ta the top of the 

water column. lt is probable the bottom water sampled at site G-3 is 

snowmelt water entering the lake; the progressive reduction of values 

the c10ser to the surface indicates mixlng wi th the lake water. By the 

time the meltwater reaches site G-7 complete mixing with the lake water 

appears to have occurred. This data strongly indlcates that the 

incollllng meltwater ls flowing along the sediment-lake interface for a 

short distance then mixing with the lake water. It 15 assumed that 

~here overland flow is contributing directly to the lake (which applies 

to approximately 90% of the shoreline) ~he snowmelt water mixing with 

lakewater will occur in a similar manner as observed and described for 

this site. 

Although a more intense sampling strategy along similar transects 

extending from the shq,reline into the lake would produce a more conclu-

!live deduction regarding snowmelt-1ake water interactions, the resu1ts 

noted for this solitary transect are clearly indicative of an important 

springmelt process in the subarctic. 

4 
6.3 Temperature change in Elizabeth Lake, springmelt 1980 • 

. 
Figure 6-3 illustra tes the temperature profiles at the 8 sampled 

lake sites (Figure 6-1). The readings Î'fere taken from the surface down 
,) 

,to a point just above the sediment water interface. The depth to 

sediment was taken from the hydrostatic water level, not the 1ake iee 

surface. 

The temperature profiles indicate graduaI heating of the lake water 

through the melt· period by approximately 1 to 2°e. The depth of this 
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Figure 6-3: Temperature profiles at selected sites 

at Elizabeth Lake, Labrador, springmelt, 
1980. Dates of temperature profiles: A, 
6 May; B. 18 May; C, 2 June; D, 7 June. 
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Figure 6-3 cpntinued 
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heating e-xtel).ds te, approximately 21 m. lt is assumed that mixing of 

warmer upper water must occur' tt> account for the increased temperatures 

below 6 m. Wetzel (1975) reports water at this depth receives less than 

5% of the solar radiation penetrating the iee caver in an unproduetive 

lake in northern Wisconsin • . 
To 111ustrate this point, the temperature Iner~a8e from 6 May-7 

June 1980 at the 10 m depth was 105°e1 • To raise the temperature this 

amount, 1.5 x 102 cal cm-2 would be required. Wetzel reports the 

percentage of' visible light transmission to 10 m in the unproductive 

lake reported above ls approximately .10% of the light penetrating the 

iee cover. During the later ~tages of melt the percentage of light 

penetrating the ice cover at Elizabeth Lake was estimated to be 50%. 

The high albedo of the black ice at this date was due to' extensive, 

advanced candling and 2 distinct bubble layers within the ice (Roulet, 

1982) .... As weIl, light penetration along the C-axis of the black ice 

'crystals was impossible due to the sun's angle at this time of the 

year. Roulet (1982) reports the turbidity of this lake at this time of 

year i8 O. 

The total radiation reaching the 10 m depth amounts to .05% of the 

tO,tal reaching the ice surface from 6 May to 7 June. 'The total avail

able radiation ls 8.35 x 107 cal m-2 ; that reaching the 10 ID depth la 

approximately 4.1 x 104 cal m-2 • If the water at the (10 m depth was 
~ 

essentially stagnant and retained aIl of the heat supplied by the pene-

trating radiation the net increase in temperature from 6 May to 7 June 

would be .04°C. If the assumed.percentage solar radiation reaching the 

10 m depth was underestimated by an order of magnitude, the increase ln 

1 The accuracy of the YSl Te1etpJ~mometer was determlned by calibration 
to be .... 10GC. The readab'tlity of the scale on the instrument is 
advertized by the manufacturer to be approximately .03°C. 

, , 
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temperature would be on1y .41°C, far 1ess than the 1.5°C reeorded. The 

estlmate of temperature increase due to solar radiation is llkely an 

overestimate: For the above ealculations 1t was assumed 50% of the 

solar radiation recel ved at iee su4ace penetrates the ice cover: The , 

presence of white lce ln the earlier part of May coup1ed.with a thicker 

ice sheet would assure this estimate of 50% is an overestimate. 1 

\ 
Thus 1t ,appears that the heating of the water at 10 m and below ia 

due principally from mixing from upper water. 
• 1 

The uniformi~y of ~emper-

1 
ature from approximately 1.0 to 14.0 m recorded on 18 May and 1 June 

(the two p,eriods of peak melt) seems ta indicate mixing would occur as 

barriers to density differential are lacking. 

6.3.1 Turbulence beneath the tee caver 

1 
1 

From the latter peak of snowmelt runoff to the 7 May (just prior to , . 
ice-off) the temperatures recorded at the sites considerably removed 

from the shore Hnes (D, E. H) at ,the .25 m ta .75, m depth were higher 

than those recorded at greater depths. For example at ~ite E, the u~per 

water, presumably heated by solar radiation, is denser than the under-

ly1ng water. Measurements using YSI telethenuometer on 2 and 7 June at 

s1tes D, E, F and H (Figure 6-1) indicate tha~ 1nstability due ta radia
~ 

tian heating accurs in the surface waters. The temperature ~robe was 

held steady at th~ 1.0 m depth at Site F for 15 minutes on 2 June during 

which time the registered temperature ranged between 2.7 and 3.0 o e. The 

barely perceptible but continuous movement of the needle on the record-

ing dial of the telethermometer indicated turbulence assumed to be a 

product of solar radiation heating. Cal~ulations of the incoming solar 

radiation for a 15 minute period during the sampling time show that even .. 
if the total amount of radiation reaching the ice surface penetrated, 

. } 
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the resulting increase in water tempe rature wquld only amount to .OgoC. 

The instability of the readings continued at 1.5 m, though the variation 

and speed of change significantly reduced. Barely perceptible movement 

of the temperature indicator was evident at 2 m; below this depth the 

needle on the instrument remained steady at one reading per depth 

sampled. The measured solar radiation is insufficient to account for 

the temperature increase (.30°C) recorded at 1.0 m. It is thought that 

the readings recorded represent some instability within the upper layers 

of the lake due in ~to solar -radiation. Wetzel (1975) notes the 
-" 

instability or~ layers differentiated by temperatures within the 

1 
range noted in'Elizabeth lake at this time of year. 

Meltwater d~aini~from the surface of the ice into natural cracks, 

and other aberrations in the ice cover may play a role in the turbulence 

noted. Meltwate'r from this source can, although not a~ays, pond on the 

ice surface. When this popded water enters the lake its temperature i5 

greater than that of the surface lake water as it has been heated 

directly and indirectly by incident radiation. The temperatures of two 

" such ponds taken on 1 June wer~ approxlmately 3.0°C. Adams and Allan 

(1984, unpuhlished data) report this is a major process promoting mi~ing 

between meltwater and lakewater in proglacial lakes on Axel Heiberg 

]:sland, N.W.T. Though ponded water could. locally disrupt the tempera-

ture region of the surface water locally it i8 doubtful that it 'would 

have much effect on a large scale. Th~ melting on the surface of the 

ice will he greater than at the lake water ice interface as the air 

,temperatures ,are significantly greater during the melt period. The 

residence Ume of the meltwater on the iee surface was minimal as Most 

,l' 
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'" 
of the meltwater from the upper ice cover did not pond, consequently the 

temperature of this water entering the lake would be c~ose . to aOe. In 

certain locations along the ice surface much meltwater would converge on 

one ice ho1e and the volume (unmeasured) of water discharging into the , 
lake at these sources would be sufficient to crea te turbulence in the 

" surface layers below the ice cover.· Wetzel (1975) notes that stratifi-

cation of lake water~at the cool temperatures recorded at springmelt can 

/ be disrupted with turbulence of only a few mm sec .-1. This turbulence 

would continue through most of the melt periode Though it ié not known 

t~ what degree this process can affeçt the lake stability beneath the 

1ee cover it should be acknowledged as it may disrupt the upper portion 

of the water column where samples are being ext rac ted. This may help 

explain the relatively low tempe ratures recorded in the upper few centi-

metres of the lake during the latter stages of melt when the hole~ 

dri11ed for lake sam~ling purposes served to drain meltwater ponding on 

the surface of the black ice. 

6.3.2 Prediqtion of lake temperature in the shallow littoral zone 

)he prediction of 1ake temperaturet within the shallow littoral 

zone i8 an indirect method by which t e effective mixing depth of 

meltwater with lakewater can be determined. 

It is thought that, given the initial temperature of the lake water 

on day l, it is possible to predict its tempe rature on day N given the 

daily volume of melt water entering the lake, its temperature and the 

daily solar radiàtion reaching the lake water beneath the ice cover from 

day 1 to.day N. 

i 
,( 

1 
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The assumptions inelude complete mixing of the me1twater entering 

the lake and that the snowmelt water ent'ering the lake has a temperature 

of approximately 1°C. The aetuai range of snowmelt water temperiiture 

reeorded was .BoC ta 1.4°C. Temperature readings were recorded each day 

snowmelt water runoff from the plots was sampled. This eaiculation 

focuses only on the littoral zone directly receiving overland flow, not 

" 
~.treamfIow, as such, the volume of snowmelt water ente ring the lake each 

day is determined from~the ealeulated daiIy inflow via overiand flow. 

The period of interest is 2 June - 7 June 1980 when the iee cover 

was uniform consisting of candled black ice of approximately 25 cm 

depth. The initial defined area of littoral lake water examined is the 

volume of water within the 2 m contour. The area of lake concerned was 
1 

determined from a bathymetric map of Elizabeth Lake (Figure 6-1). A 

mean depth of 1 m was assumed. The volume of water within this defined 

boundary was thus determined (approximately 44 x 103 m3 ). For the 

initi,al day's calculation (2 June), the total incoming snowmelt water 

was 13.5 x 103 approximately 31% of the lake water wi thin the 

defined portion of the littoral zone. The third assumption is the 

volume of water within the assigned littoral zone boundary remains the 

same, that is the incoming melt water simply replaces the lake water. 

The calculation involves three component8; incoming meltwater, the 

lake water present and incoming solar radiation. The temperature of the 

lake water is calculated by dividing the incoming meltwater volume by 

the lake water within the defined boundary. This produces a replacement 

factor of lake wateT with meltwater. This fraction i8 used to determine 

( the meltwater contribution to the water temperature' of the lake water by 

;; 
, / , .. 
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multtplying the fraction by 1°C. The reciprocal of this fraction, mul-

t1plied by the orig1nal lake temperature, produces the lake water con-

tribution to the new temperature. The two numbers are summed and added 

ta the increase in temperature provided by the days total radiation. 

The assumptions for percentage transmission through the ice are tho8e~ .... 
reported above in section 6-3. The absorption of radiation at mean 

depth is derived from the extinction coefficients quoted by Wetzel 

(1975) from unproductlve lake water between 720 and 500 nm. For this 

exampIe, absorption of 50% was used. Roulet (1982) confirms thls figure 

from'measurements taken during the 1980 springmeit on Elizabeth Lake. 

Determination of the lake temperature along the littoral zone was 

done using the data recorded from sites A, B, C, F and G. The me an 

water tempe rature on 2 June was 2.IS o C. Assumlng a mean depth of 1 m, 

the mean calculatfi!d temperature on 7 June is 3.42 oC, the actuai mean 

temperature was 3.67°C. The computed fractions <..ontributing ta the 

daily mean temperature ·within the 2 ID contour are il,lustrated in Figure 

6-4". 

It ls assumed that the cooler predicted littoral zone temperature 

is due ta the fact that the predetermined volume of Iake water within 

which the meltwater ls milCing is not sufflciently large enough. The 

caiculatlon was repeated for greater volumes of lake water which will 

accommodate the 3 and 4 m depth contours. 

Llght transmission reaching the 1.5 m (used as the mean depth for 

the 3 m contour mixing zone) and 2.0 m depth (mean value within the 4 m 

contour mixing zone) was assumed to be 40% and 30% respectlvely. 

Slmilar light transmission percentages at the se depths are reported by 
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Wetzel (1975) fo.r a decay-lng lce sheet on an unproductive lake in 

Michigan. ------ , 

The proportional fractions of lake water, solar radiati~n and snow-

melt water contributing to the daiIy mean temperature within the littor

• 
al zone to a 3 and 4 m depth are 11lustrated in Figure 6-4. The pre-

dieted mean temperatures on 7 June for the 3 and 4 m depths are 3.66 Oc 

and 3.84°C respectively. the eurve illustrated in Fig. 6-4 demonstrates 
, 

that, aecording to this eaiculation, the effective temperature mixing 

depth, where the predie ted and actuai curves cross, is approxim~te1y 3 

m. 

Earlier predictions were not accomplished because of the tremendous 
----~-

variation in the composition of lake ice in the early melt periode This 

.... 
diversity would not allow an accurate caleulation of solar radiation 

penetrating the ice cover. 

6.4 Conclusions 

The implication's for nutrient transfer from land ta lake are sig-

nificant. If snowmelt water nutrient concentrations ~re elevated above 

the lake water, adsorption of nutrients by the sediment may occur as the 

meltwater flows along the sediment surface. This may.partially explain 

the apparent reduetion of land-source nutrients by the lake during 

'springmelt • 

If the mixing of snowmelt and lake water apparent in Elizabeth Lake 

is widespread i~ the eastern subarctic those interested in assessing 

1 ~:J.y 

nutrient budgets should take this into consideration. Outside of the 

Labrador geosyneline in the Canadian Shield where the aquatte systems 

,. 
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are poorly buffé~ed aga~st the moderate loading of acidic precipitation 

the implications of "snowmelt mixing with lake water are significant 

because the hydrogen ion load, relatively unbuffered by the terrestrial 

system bec8use of frozen soir, will interact with the sediment in the 

A -

littoral zone. This mixing process 'will increase the are a of sediment-

Ir'" ion contact. Subsequently, the Increased W ion load reachin~ the 

water body, coupled ~ith the mixing pattern, may limit the capacity of 
'. 

lakes to buffer acidic precipitation over an extended period of time • 
• 
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4 CHA.PTER 7 

CONCLUSIONS \. ' , 

7.1 IntroducHon 
. 

This cbapt,ër will summarize t'he major findings of this research. 
(] 

Table 7-1 lists tbe hypotbeses postulated inthe ~arly part of the thesis 
! 

(. , 
and states whether the hypotheses have been confirmed, rejected or 

whether the results are inconcluêive. Accompanying discussion will 

examine "the major findings in greater detail. 
j. 

The latter section of this chapter will summarlze the significance 
, 

of these results and address the quest~on of future studies •. 

7'.2 Snowpack accumulation of water and nutrients, related to plant 

communities 

The meAn snowpack water equivalence at peak snowyear in the tun~ra 

n', 

~ 

- ~ 

~ \. 
plant community, 15.3 cm was substantially less than the recorded mean 

values in the woodland, 49.9' cm, or the forest snowpack, 46.9 'cm. The 

low snow accumulation on the tundra is due largely to the topographical 

position: exp,osed ridges where there are few barr,iers to wind erosion 

" 
Qf deposited snow and little terrain roughness (Granberg, '1978) which 

might induce snowpack accumu~tion. ' 

The woodland snowpack sampl1ng sites displayed a larger range of 

water'equivalence values, s = 21.9 cm, than either the tundra (5 ~ 13.0 

cm) or forest (s .. 13:0) snowpacks. The wider range in the woodland ls 

attributable to distinct fopographical change and what has commonly been 

referred to as the 'edge' effect. Water equival:nce values recorded in 

the woodland snowpack within approximately 40 metres of the forest -

woodland boundary were substantially greater than samples taken further 
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away from the boundary. The mean water equiva1ence of the sampled sites 

within this 'edge' was 68.7 cm (n .. 17); the mean yalue of the other 

samples taken wi~hin the woodland snowpack was 47.8 cm (n '" 143). 

In Table 7-1 hypothesis 1 addresses the influence of plant ,communi-

" ties on snowpack nutrient content. The results indicate the forest 

snowpack had the most elevated mean concentrations of TP. TOP. l(+ and 

Na+. The Ca2+ concentration was most pronounced in the wood1and and the 

Mg2+ concentration was highest in the tundra snowpack. The N03- concen-

trations in the tundra and forest were equal and somewhat e1evated above 

the wood1and concentration. Though 0 the me an differElnces indicate the 

fores t snowpack is enriched above that recorded in nhe tundra and wood-

land snowpacks. few o~,~ these differences are statistically significant. 

The differences appear more statistically than ecologically signifi-

canto For e~amp1e. the TP concentrations in the forest snowpack, though 
• 

on1y 1.31 and 2.94 g L - greater than the woodland and tundra respec-

(, tively was determined to be statistically significant.' 

The significant contribution of coniferous lit ter to the chemistry 

of the annuai snowpack in the Mogtmorency Forest. Quebec (reported by 

Jones. 1984) appears not to be as pronounced in the subarctic snowpack 

of Elizabeth Lake. Elevated ~ concentrations usually indicative of or 

attributable to organic matter within the snowpack is essentially equ'al 

in the forest (.09 mg L-), wood1and (.06 mg L-) and tundra (.07 mg L-) , 
snowpacks. 

Manuel (1983) reports elevated nutrient conc~ntrations in the lower 

portions of the subarctic snowpack. This is attributable to vertical 

movement of water from organic laye~s at the base of the snowpack. With 

the exception of TP in the forest snowpack. the data from the Elizabeth 

, . 



ble 7-1. Summary of the atudy hypotheses and results. 

Hypotheals 

1. The nutnent c'oncentrat~ons ~n the snowpaOlé 'wIll 
reflect the plant commumty the snowpack 1S ln. It 
was hypothesized that nutrlent concentrat~ons would 
be hlgheat ~n the Forest then woodland and last ly 
the tundra. 

Z. Over land Flow due to saturated concrete Frost ~s a 
dominant physlcal process operat~ng on the ElIzabeth 
Lake terrestrlal catchment durlng the springmelt 
perlod. 

3a. Snowpack source P w~ll not be reta~ned 'by the 
terrestnal ecoeystem but transFerred to downslope 
bodies of water. 

b. Snowpack source NOJ- will be retalned by the 
terrestrlal ecoaystem durlng sprlngmelt. 

) 
c. Snowpack source ,Ca Z+, Mg 2+ , Na+, K+ w~ll not be 

retalned by the terrestrlal ecosystem durlng 
sPrl ngme 1 t. 

4a. P w~ll be acoured From the organle horizons, above 
the frozen m~neral 8011 sur face dunng Sp1' ~ngme lt 
and transFerred to down'slope water bod~es. 

b. N03- will nat be scoured From the organic horizons 
above the frozen mlnreal sol1 durlng sprlngmelt.-

c. Ca2+, Mg2+. Na+ and K+ wIll be scoured From the 
orgenlc horizons above the frazen mineraI 5011 

durlng e~owmelt and 'transferred to downslope 
water bodies. 

5. Scoured nutnent mass dlscharglng from the 
terrestrlalcportlon oF the study catchment wlll 
be proportlonally greater dur~ng the ~mbal part 
of the snowmelt ru!loFf penod. 

, , 

6. S.lgOlflcant mU:lng oF terrestrlal source snowmelt 
water and Lake water ocours. 

199 

Resulta 

. 
lnconcluslve {section 7.Z) 

..) 

confirmed (sectlon 7.3 and 7.4) 

conflrmed (sectIon 7.S) 

confirmed ln tundr a 
rejected ln woodland and Forest (sectlon 7.5) 

conflrmed (seclion 7.5) 

conflrmed (sectIon 7.5) 

confumed ln tundra 
reJected ln woodland snd Forest (section 7.5) 

confltmed (secbon '7.5) 

reJected ~n foreat (except for TP) 
conflrmed in woodland for Ca2+, MgZ+, TOP 
reJected ln woodland for~, Na+, TP, N03-
not measured ln tundra 

conflrmed (sectlon 7.6 and 7.7) 
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Lake catchment does not indicate elevated nutrient concentrations at the 

base of the snowpack. The TP concentration at the forest snowpacIs base 

i8 thought to be primarily attributed to deposition, as the dissolved 

fraction (TDP) shows only a statistically insignf'ficaI'lt increase from 

the upper snowpack to the base. 

7.3 Discharge pattern and water balance for the meltwateu runoff plots 

Five meltwater runoff plots were installed on the Elizabeth Lake 
1 

basin to gauge overland flow and concomitant nutrient mass flux through 

the springmelt periode Three of the five plots worked as intended, one 
, 

in each of the major plant communities. It is concluded that overland 

flow, though not oceurring on 100% of the terres trial eatchment is a 

dominant process during snowmelt. This statement is based on observa-
; 

tion at the base of· the snowpack at numerous sites during the melt t""'" 
period and the hydrologieal balance for Elizabeth Lake discussed later 

in this section. 

Meltwater runoff plots discharged -between 89 and 96% of their cal-

culated snowpack ~ater equivalence. THe discrepaney is relatively small 

and may he accounted for by leakage, infiltration and evaporation. The 

melt in the tundra was very intense las ting only 5 days; approximately 

50% of the snowmelt runoff plot water equivalence, discharged withir. one 

\ 
24 hour period (30 April 1980). A bimodal meltwater runoff pattern was 

, 
first recorded at the woodland and forest run~ff plots starUng 2 May 

1980 with the forest melt of greater duration than the, woodland melt. 

This was a product of a greater meltwater volume and the inc~ased tree 

crown coyer which reduced direct radiation on the snowpack. 

," 

i -
.\ , 
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Diversion of me!twater runoff by dense snowlayers on slopes in the 

forest and woodland snowpaeks was observed and recorded. This laterai 

flow resembles that deseribed by Colbeck (1977), thoùgh densHy rather 
........... 
than an Impermeable ice layer is thought to inHiat,' the process. It 

was estimated approximately 6%' of the total watèr equivalence was 

'diverted downslope by this latera! flow. There are signifieant imp!ica-

tions of this proeess for terrestrial and aquatic chemistry tn the sub-

aretie, discussed later. 

7.4 Generation of snowmelt runoff water t'o Elizabeth Lake via over!and 

flow 

The dally\ meltwater input to Elizabeth Lake through the melt 

period was generated by a hydrologieal caleul,atiqn involving. a total of 
.. 

approximately 70% of the total snowpack water équivalence on the 

Elizabeth Lake catchment. 

The calculation plus measured stream input approxima~es, on a daily 

basis, the actual meltwater input to the lake (as determined from stage. o 

plus lake diseharge) quite elose1y. This is added evidenee to support 

the confirmation of hypothesis number 2 in Table 7-1. ~filtration of a , 

significant portion of the -,tJnowpack water, into the soil/tiU mantle 

would have resulted,in a m~r~onouneed hysteresis between input and 

lake output. 

7.5 Nutrient flux from the snowmelt runoff plots 

In Table 7-1 hypotheses 3, 4 and 5 addres's the nutrlent mass dls

" 
charge from the runoff plots. For aIl nutrient-s except for N03- in the 

tundra plot, "the tot,ql discharging mass was far in excess of the mass 

" o 
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determined for the runoff plot snowpack prior ta the initiation of melt"::' 

water flow. 

The. laterai flow of meltwater dôwnslope by dense stratigraphie 

layera within the 8~owpack resulted ln the'dl~charge of 8nowpack source 

nutrients to, the lake prior to contact wlth the ground. 
, " 

Nutrient mass balance indlcates that scour of various Ions from the 

base of the snowpack occurs in the three plant communities during the 

mélt period. A portion of thls Is attributed to chemical reaction 

(cation exchange) and a portion, es~ecially d~r:1ng the .latter part of 

the melt when Hi" concentration 'in the. snowpack 19 substantially, reduced" 

attributed to the flushing effect ,of flowing water. 

The exsolvlng pattern determined for the woopland and forest snow-

cl ,packs alded in discerning a daily pattern' of nutrient scour from the 

. , 

base of these' respective snowpacks .• 

I?uring the latte"r portion of .the melt period,,. scoured nutrent c'()n

ce'ntrations declined linearly wlth Ume; TDP, ln the woodland and TP' 
,,' il 

TnP' Ca2+. Mg2+, Na+ 4nd K in the forest. Thh pattern .~'ccurred despite 

'an ac~ompanylng surge and recession of meltwater runoff. This 18 indi

t 
, cative of a reduc'tion of these avallable nutrients mentionéd at the pa-se 

,of ~he respective sno~packs" 

'" 

Of' 

l, 
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7.6 The interaction of meltwater and lakewater 

\. 
Deuterium/hydrogen (D/H) values in snowmelt runoff, lake water, 

black ice and lake discharge were determined to discern the ~cal ~ 

movement of snowmelt water within the lake. The D/H values of the 

important fractions of the hydrological equation used for this determi-

nation were different enough to separate the liater of one source from 

the water of another. It was determined that snow meltwater can be 

sepa,rated from lake water in the shallow littoral zone. The differences 

apparent in approximately 1 meCre of water are reduced in ap~roximately 

2 metres of water. 
~) 

It i5 assumed complete mixing of snow meltwater and 

lake water occurred. 

A si~ple model, involving original lake temperature and mass, daily 

radiation ,and the mass and temperature of the daily addition of melt-

water are used to prediet the water temperature within the littoral 

zone. This indicates, for Elizabeth Lake, the effective mixing zone for 

meltwater and lake water for the latter period of the melt is approxi-

mately 3 metres. 

7.7 Significance of ~esults and suggestions for further studies 

7.7.1 Nutrient loss 

}ioore (1983, 1984) reports a significant percentage of tirst y~ar 

Il tterfall decomposition occurs Just prior to the formation of the 

annual snowpack and through the snowyear. As the snowmelt runoff ia a 

major process responsible for removal of nutrients potentially available 

rior pla'nt growth, it is conceivable that a substantial fraction of these 

nutrients will be washed out of the organic layers during the springmelt 

runoff. It is possible that this spring scouring of nutrients May be a /1 

"' 

• 

'1 
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major factor contributing fo low growth rates of vegetation - in the sub-

are tic • The ecolo~ical Importance of this seasonal nutrlent scourlng 

has yet to be establlshed. 

7.7.2' Lake nutrient dynamics 

Current attempts to understand the nutrient dynamlcs of subarctlc . . 

lakes sueh that land use in the subaretie ean be determined in a ratIon-
\. 

al manner have focused on the applicability of the empirleal model of 

Dillon and Rigler (1975) to predict phosphorus concentrations in sub-

arctie lakes (Smith.!E. aL 1984). ~, , 
The application of this empirical model, originally derivej for 

tempera te dimictle lakes of the Canadian Shleld, to lakes in t'he suh-

aretie must account for dlfferences between the two systems, as those 

differenees affect the model. The primary and major difference noted 

between the two systems is the notable contribution of nutrients from 

the terrestriai portIon of the catchment during springmeit. 

Of the factors comprising the Dillon and Rigler model those which 

will be affected by the difference in "the two systems are the spring 

loading of P from the catchment and the retention of a significant 
" 

portion of this load by the lake. These differences 'should be 

recognized and examined before application of the model to subaretic 

,f 
lakes ls at tempted. The significant sprlng loadlng of N03- ls of 

importance inoN 11mIted aquatic systems. 

( 
\" 
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7.7.3 The'influence of mineraI soil impermeability during spring-

melt on the capacity of subarctic ecosystems to buffer 

acidlc precipitatIon 

The Labrador geosyncline, within which the Elizabeth Lake catchment 

18 located, ,~s relatively unaffected by acidic precipitation because of 

the high bufferlng capacity provideq, by the carbonate sediments. The 
r--

geosyncllne represents a reasonably smalI fraction, of the eastern sub-

arctlcj most of whieh ls comprlsed of Canadlan Shield precambrian rock, 

chiefly granite and gneiss, the buffering capacity of' which is reported-

ly very low. 

The cJ,.imatic conditions affecting the Labrador geosyncline affect 

the Canadian Shield (Canada, 1978). The elimatic evidence suggests that 

the-process of overlfnd flow believed to be dominant during springmelt_ 
l.~' ... " \fl 

within, the Labrador geosyncline (this studYj' Fitzgibbon, 1977; Priee, 

1975) la also predominant in the subarctic Canadian Shield. 

Within the poorly buffered Canadian Shield systems the dominance of 

overland flow during the springmelt period in the subarctic has signif1-

cant impl~cations for the interactions of aeidic precipitation and the 

terrstrial and aquatie portions of the catchment. 

In the subarctic, the frozen largely impermeable soil will me an, the 

acid pulse during spring in aquatic systems will be far more pronounced 

as there will he reduced buffering of approximately 50% of the atmos-

pheric acid loading. If mixing of snowmelt runoff and lake water occurs 

r 
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as suggested by the D/H results discussed earlier, the capacity of the 

littoral sediments to buffer the acids will be reduced in terms of time, 

relative ta the littoral sediments in the temperate zone of the Canadian 

Shield. 

7.7.4 Further studies 

Further studies should attempt ta assess th~ ecol~gical importance 

" of the nutrient transfer from land to water body during the spring 

melt. This would èntail detailed examination of the change in mass of 

available· nutrients within plots in .tundra, woodland and forest sites 

through the year. If the seasonal changes can be accurately defined for 

the organic horizons within which the snowmelt water flows, the signifi-

canee of the recorded scouring during springmelt ta the terres trial 

catchment can properly be assessed. 

As it has been shown here that Impermeable ground has signifidmt 

implications for snowmelt runoff chemistry. further studies should 

investigate the physical conditions governing-the formation of 'saturated 

conerete frost. These studies couid range from an examination of 

factors influencing the spatial and temporal distribution of the 

phenomena to detailed examinations employing Iysimeters. The use of in 

situ probes to record the soi1 moisture content change and concomitant 

temperature would aid in understanding the spatial and temporal changes. 

One of the major conclusons at a recent workshop on acidic snowmelt 

runoff s ponsored by Environment Canada (Marmorek ~ al. in prep.) was 

that in order to understand chemical perturba~ons in the natural eco-

i
.J.J. 
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systems, a better understanding of the movement of water within the 

f 
" t terrestrial system was needed. This workshop mainly examined the' work 
f 

i 
~ 

of researchers studying temperate systems. It seems tha t if those 

working in the comparatively weIl studied temperate system argue for a 

greater understandlng of these systems then by comparison much remaina 

to be done in the !}ubarctlc. This study has investigated the springmelt 

runoff in one subarctic catchment and reported major differences ln the 

flow of water during springmelt between the northerly system and the 

temperate systems to the south. The apparent differences between the 

two systems should be considered when applying knowledge derlved from 

temperate systems to subarctic systems. 
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Appendl)( C Woodland runoff plot mas,s balance (cont Irued) • 

Ca2+ Mg2+ 

Sc our Scour 
Runoff Sn awpack Sco!!r concentratIon Runoff Sn~pack Scour concentratIon 

Date mg lllg mg mg çl mg mg mg mg L-! , 
! 

Hay 2 B62.1~ 332.83 ~ 31.33 0.719 236.0B 110.69 125.39 0.170 

3 116.69 107.27 9.62 0.040 40.~B 35.72 4.74 0.006 

8 14.24 13.13 1.10 0.022 6.10 4.70 1.40 0.002 

9 126.72 86.62 39.90 0.076 73.B7 33.90 39.97 0.076 

12 204.31 185.06 19.25 0.032 lOB .14 58.93 49.21 0.082 
,~ , 

13 341 .e5 164.61 177,24 0.332 85.42 52.49 33.05 0.062 
14 549.37 435.09 114.29 0.082 140.B2 138.27 2.55 0.002 
15 830.07 657 .64 170.43 0.097 300.11 200.48 99.63 0.057 
16 1140.85 1012.53 130.33 0.058 425.25 295.25 130.01 0.058 

17 2786.95 1680.91 1108.77 O.29B 780.03 490.86 290.39 0.078 

/ lB 1130.82 294.74 838.09 0.466 179.82 100.97 78.49 [J.044 

19 1583.95 433.0B 1150.87 0.436 211.41 14B.23 63.18 0.024 
'f 

20 264.66 80.20 184.06 0.376 53.83 27.46 26.37 0.054 .. 
21 50.33 16.06 34.29 0.347 12.76 5.49 7.31 0.074 

22 55.J9 19.n 35.89 0.306 11.76 6.62 5.13 0.044 

23 lB2.86 59.95 122.91 0.336 32.93 20.53 12.39 /0.034 

24 52.93 27.27 25.66 0.156 23.21 9.32 13.85 0.084 

25 69.17 30.08 39.90 0.217 20.29 10.33 9.96 . 0.054 --; 
26 32.28 17.68 14.74 0.136 8.65 6.06 2.59 0.024 
27 519.JO 304.76 216.54 0.110' 185.65 104.37 8i .41 

\ 
d".044 

28 818.04 461.15 354.89 0.126 197.44 158.59 38.IlB 0.0137 , . 
29 1186.96 884.21 302.76 0.136 431.33 303.75 J 21.5 0.024 
30 423.06 366.92 58.15 0.261 178.85 125.63 53.22 0.024 ... 
31 338.85 222.56 116.29 6.862 122.23 76.18 45.93 0.034 

Jl,f'le 1 128.32 56.74 73.58 0.707 76.30 19.44 56.86 0.164 

13916.46 7947.82 5860.62 5.148 3942.69 .2543.fJO 1399.68 1.329 

1 
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Appenchx C Woqdland runoff plot MSS balance (cont lr.Jed) • 

- J 

~ Na~ 1(+ 

f .. 
l\ Scrur ," 5cour 
i' f> (, 

f Rl,lnaff Snowpack Scour concentratlon Runoff Snowpack Scour concent flilt 10n 
f - 'Date (mg) (mg) (mg) ( g/L -1) (mg) (mg) (mg) ( g/L -1) , 
l.-
I fI' 
!~ 

~ay 2 517.50 280.60 234.60 .23 317.10 132.55 184.55 .25 
f 

1 14.03 ; 3 104.,68 ' 90.85 .02 145.45 43.01 102.44 1.31 

1 
-' 8 21.37 11.52 9.82 .01 24.91 3.79 21.11 .03 . ~ 

9 205.86 79.58 126.27 .24 121 .21 12.12 109 .09 .21 
12 '246.33 166.29 80.27 

, 
.12 306.54 52.39 254.15 .42 

\ 13 213.67 147.89 
'-

65.78 .09 354.25 99.3 215.83 .40 
'l', /) .. 
ï' 14 522.10 3813.70 131.33 .02 436.75 222.09 214.66 ~ 15 
'i 15 6.18.70 588.80 28.98 '.01 707.71 427.7'j 277 .61 .16 ;; l' 

445J-.74 '" ) 16 917.70 901.60 16.10 .02 782.00 339.78 .20 
r 17 1561.70 1495'.00 66.70 .18 742.90 5f3.04 179.86 .05 

18 609.5p 285.2 326.60 .13 7J5.0B 34.04 699.89 .39 
r.- '" '19 765.90 416.30 347.30 .14 817 .19 50.83 766.36 .29 
~ 20, . 141.91 77 .28 64.63 .15 132.16 9.42 122.77 .25 ,$ 

21 30.59 15.48 1'5.18 .18 31.55 1.88 79.25 .30 
22 40.02 18.63 21.39 .15 34.09 2.27 31.83 .31 

~ 23 106.49 57.73 55.43 .11 BT.5B 7.094 80.54 .22 
! 24 44.62 26.22 18.40 .05 38.01 3.17 34.83 .21 

25 38.64 28.98 9.66 .06 33.20 3.5~"," 79.64 .16 
;. 

26 23.78 17.07 6.71 ~.06 20.53 2.07 lB.46 .17 ; " 

f 27 519.BO 294.40 225.40 .12 JB9.B3 3.59 354.25 . .19 
" ~ , 28 593.40 446.20 144.90 .0 .... 546.21 54.35 509.47 .18 

29 11B6.80 853.30 335.00 .06 1294.21 88.37 1192.55 .22 
30 581.90 354.20 227.70 .10 649.06 43.01 606.05 .27 

" 31 434.70 214.59 219.88 .16 339.39 26.16 "13.91 .23 "... ,\ 

, 
June 1 138.69 54.1~ 83.95 .24 • 124.1-' 6.65 118.08 .34 ," :' 1 

~ 

10,189.00 7,311.70 2877.3 12711.41 2279.53 6912.88 ,; 

/. ,'. 
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~~ Appendl) C Iotlodland funorf ..plot maS8 balance. 

i 
.1 

f 

r 
1\ 

~ 
~ , . 
-1 

1 
i 

f 
'1' 

o 

l·", ',,:'-

TP 

Runoff Snowpack Sc our 

Date (lIg) (lIIg) (lIIg) 

Hay 2 19.27 9.51 
3.07 

9.76 

2.49 
1.51 

3 ~.~6 

8 1.86 
9 16.53 

12 18.0.6 
U 17 .57 

,4 31.13 
l'· 47.38 
16 63.64 

16 99.02 
18 46.37 
19 61.91 

20 11.97 
21 1.79 
22 2.34 
23 7.37 
24 .J .48 
2) J.25 

.JS 
2.11 
6.48 

~.76 

15.20 
24.45 
39.3J 

65.29 
9.73 

14.30 
2.65 

.53 
.64 

1.98 

.90 

.99 
26 2.0.5 .58 
27 34.28 10.06 
2B 54.49 15.28 
29 10.5.27 
JO 39.6B 
;1 26.65 

JlIle 1 2.01 

29'.24 
12.11 
7.35 
1.87 

14.41 
11.58 
11.81 
15.93 
22.94 
27.37 
j).7J 
36.64 
47.61 

9.32 
1.26 
1.70 
5 .• 39 
2.58 
2.25 
1.47 

24.22 
39.20 
76.0.3 
27.56 
19.30 

.14 

722.93 279.80. 446.21 

TOP 

Scour 
concentratlon Runoff Snowpack Scour 

Cj'g/l) (mg) (mg) (mg) 

13.23 
10..44 

29.68 
27.30. 
19.27 
22.11 
11 .31 
13.00 
12.23 

9.07 
20..39 
18.0.4 

19.03 
12.78 
14.44 
14.74 

15.60 
12.20. 
13.60 
13.04 
13.89 
.14.09 
12,:5.5 

14.21 
.40. 

,""_,,,. ~ r 

16.15 
4.32 
1.04 

2.36 
.76 

.06 

'1~:~~~ ---i.':! 
13.9 2.39 
21.7 6.J1 
31.16 11.28 
40.7B 9.50 
60.99 32.37 
27.30 1.18 
45.92 

9.55 
1.32 
1.42 
4.78 
2.42 
2.26 
1.21 

21.41 

26.6B 
44.'35 

19.09 
13.73 

.69 

1.73 

.32 

.06 

.0.8 

.24 

.11 

.12 

.07 
1.22 
1.85 
3.53 
1.46 

.88 

.23 

13.79 
3.~6 

.9B 
9.06 
9.13 

11.5') 
15.41 
19.89 
21.28 
28.57 
26.13 
44.19 

9.23 
1.25 
1.35 
4.54 
2.31 

2.14 
1.13 

20..19 
24.83 
40..82 
17 .63 

12.84 
.47 

433.26 90.94 342.32 

'> 

---

NO,-

Scour 
concentratlon Runoff Snowpack Seour 

(MIl) (mg) (mg) (mg), 

18.69 
14.93 
19.26 
17 .16 
15.19 
21.62 
10.94 
11.27 
9.~1 

7.69 
14.55 
16.74 

18.85 
12.68 
11.47 
12.41 

13.97 
11.60 
10.45 
10.87 

8.80 
7.57 
7.89 
9.45 
1.36 

199.17 
69.16 
10.68 

163.62 
198.31 
1B6.96 
408.48 
547.05 

189.34 
6.1.19 

7.38 
47.50 

116.82 
103.90 
273.95 
426.44 

693.92 669.0.9 

1189.41 1110.65 
431.15 187.06 
712.53 

93.02 
16.76 
24.71 
73.13 
3B.OJ 
35.04 

274.87 
50.97 
10.17 
12.29 
38.07 

17 .26 
19.14 

17.29 11.2,4 
334.24 193.J1 

564.06 293.81 
1294.99 
603.48 

325.84 
86.63 

560.32 
232.~4 

141.29 

35.99 

9.BO 
7.9,6 
3.32 

116.08 
81.49 
83.06 

134.56 
120.55 

24.80. 

, 78.5,5 
244.09 
437.67 

42.04 
6.)7 

12.40 
35.05 
20.76 
15.90 
6.08 

140..89 
270.24 
732.96 
370.69 

184.56 
50.60 

8317.74 5086.92 32JO.82 

"" 

Scour 
concentratlon 

(mg/l) 

.. 

.02 

.03 

.07 

.22 

.14 

.16 
.10. 
.07 
.01 
.OZ 
.14 
.11 

.09 

.07 
.11 
.10. 

.13 

.09 

.06 

.08 

.10 

.14 
.17 
.14 
.15 

f# 

• 

-t 
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Appendi)( D Forest runoff plot meas balance. 

Runoff Snowpaclc 
Date (1IIq) (mg) 

May 2 22.42 
3 37. 7B 
7 .60. 

8 1.20 
9 5.32 

13 15.61 
14 59.31 
15 49.37 
16 45.79 
17 60.10 
18 93.35 
19 30.27 
20 3.39 
23 1.30 
2A 12.73 
25 26.51 
26 3.B 
27 11 .05 
28 21.43 
29 26.72 
JO 46.02 
31 47.53 

JlIle 1 
2 

3 

4 
5 
6 

.32.31 
14.89 
25.41 

14.22 
4.07 
3.12 

50.19 
50.22 

.41 

.69 

3.17 
4.85 

11.97 
17.23 
15.87 
36 .10 
55.45 
19.67 
2.38 

.98 
4.40 
1.93 

.32 
1.05 
2.44 
3.77 
5.51 
6.68 
4.14 
2.28 
4.71 

2.46 
.78 
.68 

". 

TP 

Sc our 
(mg) 

.19 

.51 
2.15 

10.76 
47.34 

32.14 
29.92 
24.00 
37.90 
10.60 

1.01 
.32 

8.33 

24.58 
3.48 

10.00 
18.99 
22.95 
40.51 
40.85 
28.17 
12.61 
20.70 

11.76 
3.29 
2.44 

Scour 
concentration 

Ç)lg/l) 

4.70 
7.31 
6.88 

22.36 
38.81 
18.33 
18.55 
10.52 
10.91 
11.01 

8.59 
6.22 

15.42 
22.45 
18.94 

16.70 
13.64 
10.74 
12.91 

10.76 
11.94 
9.72 
7.71 

8.38 
7.34 
6.26 

715.62 270.12 445.50 

« 
lt ""w-:!:'r'''' _~;tlrt.." ... ,.-'o'!;;"~ 

TOP 

Runoff Snowpack Scour 
(mg) (mg) (mg) 

17 .22 
25.87 

.20 

.49 
1.86 
5.67 

4' .19 
21.63 
16.59 
21.38 

30.37 
9.75 
1.10. 

.41 
4.12 
7.09 
1.09 
4.05 
B .14 

11.24 
16.09 
15.30 
_'1.79 

5.99 
11.28 

6.48 
1.42 
1.32 

8.79 
B.20 

.03 

.06 

.29 

.45 
5.61 
8.07 
7.42 

18.52 
28.58 
7.95 

.97 

.41 
1.99 

.88 
.15 
.48 

1.12 
1.72 
2.53 

3.06 
1.89 
1.04 
2.16 

1.13 
.36 
.31 

8.43 
17 .67 

.17 

.43 
1.57 
5.22 

35.58 
13.56 

9.17 
2.86 
1. 79 

1.8 
.13 

2.13 
6.21 

.94 
3.57 
7.02 
9.52 

13.56 
12':24 

9.90 
4.95 
9.12 

5.35 
1.06 
1.01 

299.13 114.17 184.96 

Scour 
concentration 

'tg/ I ) 

9.21 
11.76 
4.30 
6.16 
5.03 

10.85 
29.17 
7.74 
5.'59 
1.25 

.52 
1.87 
1.11 

3.94 
5.67 
5.12 
5.96 
5.04 
4.45. 
4.32 
3.23 
4.20 ' 
3.82 
L40 

3.81 
2.,36 
2.59 

• NOs-: 

Runorf 
(mg) 

Snowpaclc 
(m~) _ 

393.14 310.05 
616-.38 370.20 

14.94 
22.32 
96.80 

207.11 

5.89 
10.11 
45.52 
69.95 

537.01 279.04 
700.71 401.20 
532.05 .169.58 
889.84 705.67 

1071.53 1080.83 
288.97 300.75 
36.46 
14.39 

118.Al 

J6.77 

15.99 
109.76 

197.19 146.34 
44.09 24.49 

.1.37.66 80.12 
347 .B8· 186.65 
513.44 286.49 
659.17 420.43-

1100.68 508.48 
7p7.61 315.92 
427.98 173.69 

1154.85 359.64 

407.01 187.98 
94.13 60.04 
66.21 52.17 

, 

Scour 
(mg) 

Scour 
concentration 

(mg/L -1) 

.09 

.16 

.22 

.18 

t 17 
.28 
.21 

.17 

.10 

83.09 
246.18 

9.05 

12.21 
51.28 

1J7.16 
257.97 

299.51 
162.4t 

184.17 • ,.08 

9.05 
50.85 
19.60 
57.54 

161.23 
226.95 
238.74 
592.2 
391.69 
254.29 
79S.2~", 
219.q3 _ 

, 34.09 
14.04 

.02 
.05 
.11 

.23 

)~ 
r'~ 1 ) 

.08 

.16 
- .17 

.20 
.30- 0-

.16 

.08 

.04 

11398.35 6890.75 4507.6 

-----~------
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~ 
~ AppendbD Forest runoff plot I118SS balance (contlrtJed) • ! 
t Ca2+ Mg2+ 

Scout' Scour 
" RUI)off SnCJl".,ack Scour concentr at Ion Runaff Snowpack Scour concent rat Ion 

Date -1 mg L- 1 mg mg mg mg L mg mg mg 

May 2 603.51 364.90 238.6 0.260 311.04 137.30 173.75 .189 ' \ 
3 842.1 340 .. 85 501.25 0 • .s33 135.23 164.03 
7 B.08 1.564 6.50 0.161 3.23 2.61 0.62 .015 
8 D.25 2.71 10.55 0.150 7.72 4.51 3.17 .045 
9 74.99 12.19 62.76 0.201 43.74 20.17 23.45 .075 

13 509 .27 18.75 491.23 0.103 274.59 31.10 243.00 .505 
14 962.4 292.n 671.'68 0.550 500.58 100.72 399.74 .327 
15 1437.59 421.05 1(1116.54 0.580 648.81 144.59 503.01 .287 
16 
'. 

1646.11 386.97 1259.14 0.780 660.96 133.65 528.53 .327 
17 1301.25 9B6.46 312.7B 0.137 569.84 228.42 342.63 .150 

18 1798.49 1523.80 272.68 , 0.790 551.61 347.49 205.34 .059 
19 587.47 425.06 163.01 0.169 308.61 96.84 211.41 .219 , 
20 49.32 51.7J .s7.49 0.319 "9.33 11.82 37.54 .319 
23 25.66 22.66 3.11 0.061 13.37 5.16 8.20 .160 
24 200.50 106.07 93.83 0.174 102.55 35.24 67.31 .125 
25 437.1 - 47.19 390.98 0.357 196.83 47.14 149.45 .137 
26 69.77 7.86 61.96 0.H7 .s1.23 7.89 23.33 .127 
27 394.99 25.66 368.92 0.617 143.37 25.76 117.98 .197 

28 850.1'2 59.95 789.97 0.567 264.87 60.02 204.12 .147 

29 1241.10 92.03 .1150.87 0.5.n 427.68 92.22 335.34 ,157 
30 3075.67 134.94 2939 •. n 0.937 1160.33 138.23 1025.46 .327 
31 1555.88 163.21 1393.48 0.367 607.50 164.03 443.48 .117 

June 1 565.4 101.45 465.16 0.197 235.71 101.70 13.37 .057 
2 673.68 55.74 619.55 0.477 272.16 55.80 21.63 .167 
J 860.15 115.49 743.85 0.277 268.52 115.79 153.09 ' .057 
4 350.8B 6q.J5 290.7J 0.207 112.27 60.51 51.76 .037 
') 116.49 19.2J 97.24 0.217 49.~3 19.32 30.01 .669 
6 81.8 16.74 64.96 0.167 34.99 16.77 18.23 .182 

20370.8 5878.66 14534.25 10.24 7987.41 2:137.66 5650.97 -4.445 
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r • 
Appencllx D Forest runoff plot mass balance (eont lrtJed). 

if;; 
Na+ 1(+ 

É: 

l ' seour Scour 
Runaff Sn owoa ck Seour concentrat Ion Runoff Sn owna ck s~our concentratlon 

.' Date mg mg mg mg L-1 mg , mg mg mg L- 1 -

May 2 887.8 344.77 542.80 .593 512.21 224.83 287.78 0.314 
" 

3 f 
\j 

931.5 411.7 519.80 0.346 856.29 209.58 645.15 0.430 

" 7 14.95 6.53 8.42 0.208 17 .40 0.98 16.42 0.406 \-
~ 8 27.83 11.27 16.65 0.239 14.66 1.68 12.98 0.186 
~' 9 109.49 50.60 58.65 0.188 75.07 7.51 67.64 0.216 t' , 
.~ 13- -356.5 77 .74 278.30 0.580 360.80 11.50 349.55 0.726 ' ' 

~ 14 621.0 266.80 354.20 0.291 731.17 24.63 590.41 0.484 
15 1032.7 384.1 650.90 9.371 946.22 204.10 742.9 0.423 ... 
16 968.3 351.9 614.10 0.3~1 1098.71 187.68 907.12 0 0.563 

17 685.4 625.6 59.57 0.262 637.3 469.20 170.87 0.075 
18 864.8 954.5 1243.38 723.35 523.94 0.151 
19 328.9 266.8 61.41 0.064 578.68 200.97 376.53 0.391 

" 20 .- 101.2 32.43 68.77 0.584 88.37 24.52 63.73 0.541 
" 23 23.69 14.17 9.50 0.185 17.99 10.67 7.27' 0.142 

24 113.39 96.83 16.61 0.308 53.96 50.04 3.79 0.704 
25 305.90 129 .49 177.10 0.162 240.86 22.29 218.57 0.200 
26 73.J7 21.62 51.75 0.282 60.61 3.72 .57.09 0.310 
27 388.7 71.07 317 .40 0.532 203.7 12.20 191.59 0.320 
28 724.5 164.68 558.90 0.402 527.85 28.35 500.48 0.359 
29 128J.4 253.00 1030.40 0.482 918.85 43.56 875.84 0.410 
30 2479.4 370.30 2109.10 0.672 1294.21 50.8J 1255.11 0.400 
31 1934.3 448·50 1485.80 0.391 1251.20 77.42 1176.91 0.310 , 

June 1 708.4 278.3 427.80 0.181 330.40 50.44 282.30 0.120 
2 595.7 153.4 443.90 0.342 453.56 26.43 426.19 0.330 

~ 3 724.5 317.4 407.10 0.152 295.60 54.74 240.86 0.895 , 4 294.~ 166.06 128.57 0.918 210.36 28.58 181.82 0.129 ç 

! 5 147.89 53.13 94.76 0.212 44.97 9.15 35.70 0.80 
• 

~ 6 109.02 46.00 63:0'2 0.162 43.01 7.94 34.92 0.895 
,-

j 

f' 
16836.0 6189.3 10646.70 0.815 13133.69 2893.40 10240.29 8203.18 
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