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ABSTRACT

This study examines the impact of snowmelt runoff on nutrient
transfer from the terrestrial to the aquatic (lake) portion of a subarc-
tic catchment 6 km WSW from Schefferville, Québec.

Statistically significant differences 1n snow chemilstry were
recorded among the tundra, woodland and forest snowpacks. Significant
overland scouring of nutrients from the organic horizons were recorded
in the tundra, woodland and forest. A calculation designed to generate,
on a daily basis, 707 of the meltwater from the terrestrial catchment to
the lake indicates overland flow is a predominant route of meltwater
during the spring. Deuterium/hydrogen measurements aided in determining
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 1is an important event for
nutrient transfer from terrestrial to aquatic systems in this environ-
ment.

LY
\ ) RESUME
Cette &tude examine 1l'impact de 1l'ecoulement de la fonte de neige
sur le déplacement nutritif de la portion terrestrielle 3 la portion
aquatique d'un bassin hydrographique 6 km ouest sud ouest de Scheffer-
ville Québec. ' ’ ’
Des différences statistiquement Iimportantes en la chimle de 1la
nelge sont enregistrées dans la neige tombée de l3 tundra, de la région
boigée et de la forét. Un écoulement important ainsi qu'une chasse
d'eau substantielle d'é&léments nutritifs .de 1'horizon organique fut
enreglstré?® dans ia toundra, la région boisée et la fordt. Un calcul
journalier désigné 3 engendrer 707 de l1l'eau de fonte de la terre au lac
indique que 1l'écoulement est une route prédominante pour 1'eau de fonte
durant le printemps. Les données indiquent que 1l'eau de fonte est
indistinguable de l'eau du lac 3 des profondeurs plus grandes gque 1.0
mdtre. " - . 2
Il est conclu que 1l'&coulement de la neige fondue est un &v&nemeht

limportant dans le déplacement des &léments nutritifs de la terre aux

systémes aquatiqueé dans cet environnement.
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+ CONTRIBUTION TO ORIGINAL KNOWLEDGE
To my knowlledge this is the first study examining the impact of

snowvmelt runoff on nutplent transfer from .subarctic terrestrial to
Aquatlc systems dl\lring springmelt.
PR (\ °
Specific contributions | within:ithe study.include; 1) an evaluation

\ -
of snowpack chenfstry ‘n‘rabsubarctic catchment, 2)' physical factors

[ .. /\\
influencing the runoff pi"b‘cfés at spriingmelt within the snowpack, 3) the
impact of snowmelt runoff on nutrjent transfer from terrestrial to

; .
aquatic portions of a subarctic c/a}éhmen\t, and 4) the physical mixing of

‘spowme It Water with lake water.

N "Qontrary to reports in the literature the vegetation In the study

catchment had wminimal impact upon the snowpack nutrient mass. Though
statisticdl differences occur among the tundra, woodland and forest
snowpacks, the ecologlcal significance of these differences Is probably
minimal./ ’ .

The heter_ogeneity of the snowpack due primarily to differencgs in

the density of the stratigraphic layers resulted In dovnslope diversion

of meltwater to water bodies. Though this volume may be nminimal the
timing of this diversion flow is critical in terﬁls of snbwpack elution
for it 1is during the early melt when the gre'at:ést amount of exsolviné of
nutrients occurs. Diversion of this early meltwater will reduce the
physical\ and f:/lle\mical interaction with the organic horizons at the base
of the snogl;ack.l. Diversion by well formed ice layers is reported, but

not by snow stratigraphic density differences. Therd has not been any

research reporting the Iiny€ynal flow pattern of meltwater within a

/
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subarctic snowpack. Snowmelt runoff plots established within the

tundra, woodland and forest plant communities enabled the recording of

i -

the chemical interaction of snowmelt water and the organic horlzons
above the frozen mineral soill. To the author's knowledge this method
has not been used to record this Interaction in the arctic, suba}‘ctic or
temperat;e reglons. “Very significant scouring of nutrients was recorded
in’ the three p}ant communities during springmelt.

Though de_uterium/hydrogenv has been used as an effective tracer of
groundwater contribution to strt;.am flow, 1t has not been used as a
tracet\' of snow meltwat_er mixing in arctile, subarctic or temperate
lakes. - Substantial retention of terrestrial source nutrients within the
laite was *recorded during the 'springmelt. Mass balances of this nature
have not been examined in subarctic lakes.' ‘

This study has demonstrated that in terms of nutrient mags transfer
from terrestrial”to aquatic portions of ecosystems during the spring-
melt, the subarctic 1is sgubstantially different than the tem;verate

/

region. / )
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CHAPTER 1

INTRORUCTION

1.1 Thesis OQutline

The 1introductory chapter defines the "hydrological differences

. between temperate and subarctic ecosystems as they relate to springmelt .

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

about the transfer or retention of nutriénts in subarctic systems during
snowmelt. By comparison much 1s known about the interactions of
meltwater and the éerrestrial catchments in temperate -zounes - mainly as
a‘result of recent interesg in the ecological impacts of acidic snowmelt
runoff. In chapter 1, hypotheses aré presented regarding the transfer
an& retention of nutrients within,ﬁubarctic ecosystems duriﬁg spriﬁg-
melf. )

The second chapter examines the study area near Schefferville,

Québec. As well, the fileld methodology 1s discussed and the laboratory

‘procedures used for water-analyses are listed.

Chapter 3 presents the snowpack hydrological data. The spatial and
temporal variation of snowpack stratigraphic layers is examined statis~
tically, both within and between plant qommunitiés. The water equi&—

alence survey at peak snowyear is presented along with the occurrence

and spatial distribution of concrete frost. A calculation designed to'.

generate snowmelt runoff water downslope 1s described and utilized to
predict the dally flux of water to the lake.

Chapter 4 examines the spatial pattern of nutrient concentration
within the snowpack and the daily flux of nutrient masslfrom each runoff

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

¥

E3

2
.
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‘are discussed. as they relate to nutrilent- discharge from the snowpack.

The daily pattern of scoured nutrient mass and concentration 1in the
woodland and forest snowpacks are discussed. The significance of this

scouring is postulated.

3

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

‘

e

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

v

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

sprin 1t contribution to the lake. Comparisons are drawn between the
- T
temperate and subé7ctic regions.

Chapter 6 e%amines the degree of mixing of snowmelt water and

Elizabexh Lake.f Two approaches are used‘ 1) the stable isotope ratio

\

differences“ﬁn deuterium and hydrogen and 2) predicted littoral zone

kN
Wy

lake temperatur&g given solar radiation and calculated volumes and knqwn
kY

ftemperatures of snbgeelt water entering the lake on a dailj basis.

The final chapter summarizes the results, presents the conclusions

‘x e

. and ‘makes suggestions fom‘future study.



regions

ch of the current interest in snowpack and snowmelt hydrology

v

t studies s stemmed directly from the research, and>resulting liEerature

the routing and impact of enviropmental contaminants—-

principally acidic precipitation-—in and on land and lake ecosystems
.o (for example Rennie, 1978; Drablos and Tollan, 1980; Hutchinson and

' Havas, 1980; Harvey et al., 1981; Overrein et -al., 1981; Bob&e et al.,
1982 and D'Itri, 1982). These studies have examined.the snowmelt pro-

cess in teﬁperate fegions,where, as a rule, snowmelt water infiltrates
the soll mantle during melt periods. Overland flow during snowmelt

.occurs rarely in temperate regions; where it does, 1t 1s restricted to:

¥

1) areas where high water tables result in partial area or saturated
overland flow (Dunne et al., 1973) or 2) areas where the infiltratiom

‘ capacity of the soll is exceeded by the snowmelt runoff intensity. This
, ; ‘
.latter point is termed Horton overland flow, the definition of which

will .include soils éffectéd by concféte frost (defined by Trimble et
al., 1957)‘and”areas wge;e midwinter thaws and subsequent freezing temp-
eratures have resulted in the formation of an impervious ice cover over
the ground co&er thus facilitaking full or partial ov;rland flow during

.springmelt. Price and Hendrie (1983) report limited occurrences of this

latter example at Perch Lake, Ontario.
{ ’ '

Bobée et al. (f982) report widespread overland flow in khe témper;

- c ate reglon of Québec during the 1980 springmelt. They attribute this to

iy
-

. an unusually thin snowpack formation and the assumed (unméasured) oceur-

5
.

(‘ rence of concrete frost. Concrete frost formation in southern Québec 1s

thought unusual as sufficient snow fallé (%ydrological Atlas of Canada
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the south:

be reflected in the snowmelt runoff chemistry..

‘ -4 -
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1978) to form a snowpack ,capable of :[_nsula‘ting the ground beneath.
Naiman. (1982) reports that snowmelt in the’ Moisie River watershed,

Québec, percolates 1into the soils.
Ny

"‘ temperate regions all indicate the process is ‘of minimal: importance

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

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

The pattern.of snowmelt runoff in temperate reglons contrasts with
snowmelt in the subarctic where concrete frost is more common and infil-

tration of snowmelt water 1is reported to be reduced to 1insignificant

»

proportions of the total snowpack water, equivalence (Price, 1975; Fitz-

gibbon, 1977).  Three other major factors differentiate the snowmelt
process in the subarctic from that occurriﬁg :‘(’n the temperate region‘s to
\rlJ} ‘ . .
an absence of abpve‘ freezing temperatures and rainfall
. 13

.

during the snowyear and a large ptopoftion, approximately 50%, of the

1
N

annual precipifation is snowfall. TIn the temperate region rainfall is

comon during the springmelt and thaw. events. occur ‘prior 'to springmelt

1

(Hemdrie, 1984;-Schelder et al., 1984; Semkin et al., 1984).

®

1.3 The hypothesized impact of mineral soil impermeability on snowmelt

runoff chemistry. C

It 1s hypothesized that the physical differences governing snowmelt

runoff pathways in temperate and 'subarctic terrestrial, ecosystems will

Y v

For' example, retention
of nutrients recorded on the terre;t'rial portions of te';nperate systems,
partiéularly phosphorus (P), w'ill not. apply in the subarctic. Models
concerning nutrient dynamics in c;atchmerits derived from data collected

L)

1n temperate systems should be evaluated in light of the physical dif-

Reports of Horton overland flow in .

°



ferences that occur before application to a subarctic ecosystem 1s'

made. Chapin et al. (1978:190) state that "the functioning of na ural
(subarctic) systems will not be understood until the factors regulating
movement of limiting elements through these systems are elucidated”.

v

1.4 Atmospheric contribution of P and N to aquatic and terrestrial sys~

tems in the temperate and subarctic regilons.

:\In the temperate climatic reglon it 1is reported that the atmos-
pher-ic contribution of P and N (/the principal biologically important
nutrient/s) is the primary external source of these nutrients to ter- ‘
restrial and aquatic systems (Schindler et al., 1976; iLik.ens et al.,
1977; Scheider et al., 19.79; Semkin et al., 1984). It is assumed from
reviewing the literature (Dugdale and Dugdale, 1961; Haag, 1974; Chapin
et 3{.,” 1978; Moore, 1980) thatﬁ the atmospherlc inputs of P and N.in
more northern reglons including the subarctic are very sigqﬁficant“;‘is
they represent the only major incoming source of these biologically im-
portant; nutrients. Except;ions to this for P.may be found where sedi-
mentary bedrock dominates watersheds. Dillon and Kirchner (1975) report
total phosphorus (TP) export figures of approx'imat:ely 0.11 kg ha~l yr"l
ifor forested watersheds underlain by sedimentary rock; these figures can
exceed the reported bulk atmospheric deposition of TP especially in more
northern regions. Table 1-1 lists annual bulk atmospheric TP loading

. for temperate and subgrctic sltes.

In the subarqtic,‘ the low mean ﬁnnual t;mperatures equate to low
productivity in ecosystems, both terrestrfal and aquatic. As the grow=-
ing season j:s reduced, decomposition 'rateag are lower . (Moore, 1981,

1984; Douce and Ctjoséley, 1982) and the mass of blologically important



Table 1-1. Annual total atmospheric deposition fer/gelected sites in the
temperate and Bubarctic climatic zones. (Kg+ha~leyr~l), .

TP Ca?t MgZt pNate K NO3T
subarct1d (Québec)” 052 2.57 .60 3.34 1.49 .14
Subarctic (Sweden)? ) .055 nd nd nd ‘nd ‘ng
Subarctic (Alaska)3 .012 =nd nd nd nd , nd
Temperate (northwest Ontario)% .327 3.80 .90 1.60 1.10 1.71
Temperate (centrql Ontario)d .208 9.90 3.80 1.27 .94 ., nd
TgPperate (Minnesota)b .1%7 é.?S :43 .72 .74 nd
Temperate (New Hampshire)’ .3(1)‘6» 2.20 .60 1.60 .90 nd
Temperate (southern British c(?l\mbia)?, :250° 3,70 3.0 11,0 " 2.50 Cad
Temperate (ceﬂtral Ontdr@q)9‘,~ ) ‘ .41 ‘6.75 i.02 4.02 1.59 —?.47
Temperate (northern Ontario)l0 1 1.12 .84 . nd 8.09° nd

IMoGre (1980)

2L1kens et al. (1977)

3Chapin et al. (1978)

4schindler et al. (1976)

3Schindler and Nighswander (1970)

buright (1976) )

7TLikens et al. (1978)

SScrivne;-(f§75)

9Scheider et al. .(1980)
JOJeffries and Semkin (1983)

e,

T i o nien e i et oo e
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an‘g available nutrient:ls is limited. Moore (1980) states’jfﬁat between 20
and 602;1'o£~.the macroriutrients in the organic portion of the eastern sub-
arctic tet":r\estrial ecosystem are held within the soil organic mg:gt:er.
The slow dec‘émposiéion rates result in ‘very oligotrophic systems._g )

’The contribirsion of the snowpack to "the nutrient budget of sub-
arctic ecosystems represents a substantial. potential sou\rce o.f nutri-~
ents. Due to the reported iiﬁ;;ezj&{eability of the mineral soll the large

potential source of nutrlents may bypass the terrestrial portiog of the

catchment and enter streams, lakes or bogs. The land's loss‘m;y prove

ﬁthe aquatic system's gain. This of course will be a function, in the

cagse of lakes, of the degree (;f mixing ‘ongoing within the lake- duriing
the melt period. If, as recorded by Bergmann "(1982) 1in an arctic lake
near Baker Lake, N.W.T., the meltwater discharges across the lake sur-
face without significan‘t mixing, ‘approximately 50% of the annual atmos-
pheric contribution of nutrients will be essentially lost to the eco-

system. If the mizing of meltwater with the lake 1s pronounced, the

addition of biologically important total dissolved phosphorus (TDP) and

NO3~ would increase the pi'imary 5product1vity of the aquatic system. In

o

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

"the major rejuvenation of yearly nutrient concentrations in Clear Lake,.

cenfrql Ontarilo appeafed to.occur during the petiod of - snowmelt ‘fn the
) . "~ - T T

spfingi'. Jefffie}s sgg_l., (1979) report that mixing of. springmelt water

may ex‘Eend to several ‘metres ‘in depth in Canadian. Shield lakes in' the
1 . . 4 | )
temperate reglon. The controlling factors are the intensity of melt,

‘o

t:ppogr{é;}ﬁy of the terrestrial catchment, bathymetry of the aquatic sys-~
L, [ ’ . °

ten rece)iving the water, the volume of water contained in the snowpack,

-~ ¢

“

the d'e7h of overburden and sofl into which the meltwdater percolates and

1
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) respectively.

8 -

the water content- ‘and water level - of ,the soil and groundwater

5

>

1.5 Transfer of P and N from terrestrial to aquatic systéms in temper-

'

ate and subarctic regions.

Determination of the potential di_fferences‘ in the transfer of P and

N, from land to aquatic systems between temperate and subarctic regions
4

s

at spring melt 'is 'diff:l:cult because within “the temperate ecosystems

there appears to be contrasting results for bo}:}x P.and N. The'impact of

accumulated winter precipitation on the -nutrlent budgets of températe

systemsl is not well investigated, or at least not well reported, as

annual rather than seasopal budgets are uSuailly considered. This is

especlally true for P. Due to the gr.:eat ingerest in the acid shock of
snownelt runoff to aquatic systems in the spring (Gunn and Keller, 1984

and' others), N03™, as a dissociated by-product of HNO3:‘ has been the

subject of more intensive reported 1investigation (S'chofield,§19-77;

7

élover_ggﬂ., 1980). o L ‘

Potential retention of P by soils ‘ts very high as 1t -can be

abgsorbed by. microorgan s, plants and adsorbed by°soil colloids. 1Its

bonding affinity to soil ‘coll ds\'is reportedly very- strfong especially

at low pH (Johnson and Cole, 1977); in addition P can precipitate with",

Ai, Fe, Ca2+ and other cations (_Bear, 1967; Hesse, 1971) and thus becone

immobilized in the soil. Gorham and McFee (\1980) state‘ that the forma-
tion of secondary minerals effectively reduces the leaching of P to, .

aquatic systems. The data gathered during springmelt at tws sites in

the temperate region of the Canadian Shield tends to confirm the ter-

restrial portion of the catchménc's high affinity for -P (Schiridler‘sg

.
’ ’ 14
T

7 - =

)

.
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particles into 8treamwater. Verry and Timmons (1982) state that spring-

- Schindler et al., 1976; Wright, 1983) the pattern during the melt period .

'snowpack and spring precipiﬁetion source NO3~, seven occur in terres—

-9 = —

<

. al., 1976; Wright, 1976).. Likens et al. (1977) report that during the’

springn;elt, the P input to the system exceeds that recorded in;stream
runoff in the White Mountains of New Hampshire.

Leonard et, al. (1979), Lewis and Grant (1980), Vérry and Timmons

" (1982) and Bjdrnborg (1983) all report substantial flushing of P during

the Springmelt. With exception of the work of Ver'ry a(nd\Timmon‘s (1982),

t:he research listed examined spring runoff in moum:ainOus areas where

_the slopes of the catchment are steep, soil not vell formed and the melt

is very intense. . Bjdrnborg (1983) attributes the elevated P levels in -

streams in northern Sweden during the spring 'éhto the erosion of soil

melt flow 1s restricted to the 0 horizon in the upper portion o‘f"a

\ ) '
catchment in. the Marcell Experimental Forest 1in northern Minnesota. It

’

is suspected that infiltration into the A and B horizons dccurs as Verry

‘(Pers. .Comn.,, 1984) states that inﬁilttation of snowmelt water into the

soil occurs in this region as overland flow 1s restricted geographically ’

- ~

‘to very small areas. '

Studies examihing N0y~ mass balance during springmelt on terres-
trial catchments In the témperate region are limited in number,". Though
annual mass balances are well- reported and 1indicate without éiceptlon

the net retention of atmogphertc source NO3~ by the land (for exémple,

is8 not as clear cut as that reported a\)ove for P. From the available
literature coniferous forests or forests with a significant coverage of

coniferous trees appear. to have adopted strategies for retalning NO3~
. . Y

W

dgriné spring melt. Of the nine studies reporting net retention of

s
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trial catchments with either -coniferous, trees or a dominant coniferous/

3

subdominant deciduous tree forest (Leonard et al., 1'979; Martin, 1979;

Skartvist and ,Gjessing, 1979; Glover et al:, 1980; Cadle et al., 1983;
Christophersen et al., 1983).

In certain streams flowing into Harp Lake a largely deciduous

' foregted catchment in central Ontario, jeffries et al. (1981) report de-

‘creasing” NO3~™ concentrations 'tht"ough the springmelt period. Verry and

(
Pl

Timmgns (1982) t‘epott net NO3~ retention in a dédiduous forested catch-

ment in northern Minnesota. Storgama, a small Norwegilan catchment with

k4

mixed'iconiferous/de«‘:iduous vegetation*does not retailn any of the snow-
pack-source Nt):;,' 1nfiltrating tne ground surface (Christpphérsen _(_a_E'a_l.,
1983). | a

.l:{et loss.gf Nd3' during springmelt occurs in onl;y two'reported
studies. I:l;)rnbeck and Likens (1974) examined sprir.{:gmelt in a deciduous
forest at Hubbard Brook Experimental Forest in New Hampshire and report

]

net flushing of N0y~ out of the terrestrial portion of the catchment

above that determined in the- snowpack. ’ e

The pattern of NO3~ movement during spring in the Htibba‘rd Brook

Experimental Forest (Likens et al., 1977) suggebts "that the flushing of

NO3™ from the hardwood deciduous catchment eases in the late spring when
the wvascular plants l;‘egin to grow., The observation 1is essentially thé
same as that reported foi‘ a hardwood-deciduous at Turkey Lakes Watershed
in northern Ontario by Foster (1984) and Semkin et al. (1984). Gunn and
Keller (1984) state that in a northern Ontario coniferous-deciduous
(subdominant) forested watershed the nitrate, originating from the snow-

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

,\‘
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{ ) . . the lhfzter portion of the melt is retained.within the terrestrial catch-
. ment due to biological utilization.

In tundra sites in Norway: Seip et al. (1980) report that the NO3™
from snowpack melt is initially retaine\d by the tundra then, during the
latter portion of the melt the remaining snowpack-source 1;103" is flushed
out of the system. . h :

The strategy which enables the reported coniferous forested sites
to retain snowpack-source N0O3~ durfng the melt period may be attribut-

able to microorganisms in the organic horizoms of the soil profile.

s Moore (1983, 1584) reports microorganism activity in the organic hor="

izons of subarctic podzols during the snowyear as significant decomposi~

\\ tion of first year litter occurs. It 1s possible that in the nutrient

1imited conditions of temperate coniferous forests, soil microorganisms
5 ; '
may absorb snowpack source NO3™ as it infiltrates into the soil. Since

H

NO3™ has a poor adsorbing capacity to soil colloids and can be displaced™—

with eage by PO43‘ and 5042‘ (Johnson and Cole, 1977), the 1latter -

.repovrted to be the dominant anion in winter precipitation (Schelder et
_a_l., 1980), the only other means of retention within the soil other than
organic uptake 1s spécific adsorption to Fe and Al (see Johnson and

Cole, 1977: 14). \ -

°

.6 Conceptua’l model of P and N transfer from terrestrial to aquatlc

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 during springmelt in the subarctic

(} where 1t\ 1s reported infiltration of meltwater into mineral soil on

’

_\,,/t
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slopes 1s very minimal. Effective sealing off ff the soils to infiltra- |

tion may affect the transfer of P more so than N because of the differ-
ential bonding potential of P043' and NO3~ to soil colloids. Relatively
speaking the mass of snowpack source P being retained within- the N-

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

less than the N retention. The strategles adopted for retention of NO3~7

by more southerly temperate coniferous forest solls may be assumed to,

7

apply .to subarctic soils low in avallable N. Though the N retention in

.the coniferous temperate forests reported above has been attributed here

-to microorganism activity in the organic layers of the soil the  possi-~

bility of adsorption to Fe and Al in the B (illuvial) horizon exists
(Johnson and Cole, 1977). A poésible argument 1In favour of ‘microbial
absorption is that in a podzol soill in a hardwood forest at Turkey Lake

Watershed in northern.Ontario infiltration of meltwater through a well’

def{ned B horizon does not result in adsorption of NO3~ ,during' the

% N

.8pring melt period. NO3~ mass reduction in discharge begins only when

the vasculaF plants begin absorbing nutrients out.of the soi} in thel
late spring (Féster, 1984). TheAhardwéod forests are not limited by low
quantities of available-N as reported in the subarctlé by tboré (1980).
The flushing of 303‘ out of the hardwood-system iq/spring exceeds. that

available in the snowpack and is obviously not being absorbed by micro-

N

“organisms at least in any significant quaq%&gy.

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

subarctic system it is expected that NO3~ may be effectively retained by

A}

the organisms present in the 0, L, F and H layers and that much of the P

)

will drain into aquatic systems recelving the meltwater. . .

1

i
‘.'Quw-—v
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In the temperate reglon, the percentage of atp:bspheric-source P and
N reaching the lake surface from the terrestrial portions of catchments
B(on an annual basis) is very low. Schelder et al. (1979) report that in
central Ontario, Hérp Lake accounts for 12.6% of the total watershed
area, The precipitation falling directly on the lake represents 207 of
the annual input to the lake. Along similar lines of comparison, the

'

precipitation fa}ling directly on the lake contributes 44% of the TP and
67% of the NO3~ ‘the lake receives annually. Wright's (1976) data for .
Dogfish Lake, an undisturbed catchment in northern Minnesota indicatest

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

the TP received by the lake on an annual basis. The larger the ratio of

»
the terrestrial ‘portion of the catchment to the lake surface, r.l;e * g M
greater the proyorti;)nal contribution of the land to the P load "to-the : R
lake. Sch‘indler’and_Nighswajnder (197,6) and Schindler g£ al.,” (1976) o
report lake contribution values for P e;nd N 1n.£entra1\'and\@i , :k\‘:
T

Optario to be 80 ard 79 percent and 49 and 43 percent respectively. The

ratio of land to lake area at the central and northern Ontario sites is

. 6.1:1 and 1.4:1, respectively.

In the subarctic, according to the conceptual model outlined above, .’ )

the precipitation falling directly on the lake will contribute a signif-

icantly smaller portion of the lakes annual P load than to a temperate

watershed with similar terrestrial watershed area -~ lake area ratio. If

~ Lake 239 located at the Experimental Lakes Area in northwestern Ontario

(Brunskill and Schindler 1971) was subjected to subarctic climatic con-

ditions 1t would receive an additional 37 Kg of TP due to additional

- snow contribution, an increase of approximately 51% over current natural

'loadi’ng. Assuming an annual retention by the lake of 84% (Schindler et
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al., 1976) Lake 239 would increase in TP concentration by 6.30 ug I:."l.“
The current x 'I‘i’ concentration of Lake 239 is approximately 10 ug L.
An equation: logyg [chla] = 1.45 logig [P] - 1l.14, developed b‘yr Dillon
and Rigler (1975) to predict summer chlorophyll a concentrations from TP
concentrations at spring overturn is employed to determine the increase
in productivity due to the additional snowpack source TP. The preélicte‘d

increase 1n chlorophyll a concentration in Lake 239 would be from

approximately 2.04 mg w3 chl.a to 4.15 mg =3 chla; greater than 100%
: P ;

in¢rease in productivity. ; .

Although the bulk atmospheric P deposition in the subarctic’ is les's

_ than most reported sites in the temperatg' region ('I:able 1-1),the sub-

arctic lakes 'will receive a proportionally greater mass of P than tem-
perate systems. A comparison with tempefate areas such as Hubbard Brook
Experimental Forest where the bulk atmosi)heric depositio;x of P 1s les.s
than the reported subarctic values (Table 1-1) shows that if the sub-'
arctic and temperate catchments had an equivalent land:lake raﬁio, tﬂe
subarctic lake would receive a higher loading of P due _principally' to
the addition of snowwater from the terrestrial snowpack.

The ‘iullpact of snowpack source NO3~ on lake productivity is thought
not to be as pronounced as the ilmpact of snowpack-source P. This 1is
primarilly because in the subarctic N-limited terrestrial ecosystem it {is
assumed the N retention factors operating in many oAf the reported
studies noted above 1n temperate cbniferous forests are operating to
mox"e or less the same degree of efficiency during spring melt. For this
conceptual model it 15 thus assumed that the snowpack source NO3™ will

be retained by the terrestrial system. With spring melt retention of

NO3~ by the subarctic terrestrial system, water bodies would recééive a

»
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greater proportion of NO4~, from direct precipitation than would temper-

ate lake systems. This is primarily because the snOWp:ack'.in‘thé sub-

", , arctic represents a-greater percentage of:the year's annual precipita-

tion than does the‘snowpac'k in the temperate regions. Accorgn'g to this

f:onceptual model which forms .the structural basis for hypotheses con-

cerning putrient transfer during spring, subarctic lakes will recelve
proportionally greater P n;.ass than b;:mass from the ti:erre'st:r.iﬁal portion
of the catchments. Rigler (Pers. Comm. 1981), pian;ond {Pers. . Comnm,
1l982)'and Smith et al. (1983) report that primary‘ production lin ce;:tain
lgkes‘ in the subarctic’ portion of the Labrador geosynciine near
Sche_fferville Québeg is limited by nitrogen and no(;. phosph&rus as 1is

réparted for most temperate reglon lakes' (Schindler et al., 1973;

'Vol'lenweidefsg 1975).  The conceptual model outlined above whereby the

S

io_ading of P to a subarctic lake 1is proportionately greater than N may

-

in part explain the observations noted by Smith et al. (1983).

o

1.7 Scouring of available nutrients at the base of the snoivpéck.

There are two components which can be considered as potential
nutrient sources to surface water'bodies during spring melt in the sub-
arct‘ic. The first is the nutrient mass avallable within the snow; a
;;artial product ofl the atmospheric depositlon and leaching of organic
material deposited on the snowpack during the snowyear. K The second

potential source of nutrients 1s the 0, L, F and H horizons over and

‘through which the meltwater is flowing, Temperatures (~5.0 to 0.0°C)

recorded at the base of a subarctic snowpack in Alaska (Whitrey, 1976)

strongly suggests that decomposition by microorganisms could proceed
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' through a substantial portion of the winter. ' Cessgtion of plant activ-

ity through' the winter months suggests that availaple-form nutr.ient.is
producéd during thisﬂ period of detompositien could be ahsorbed. by vege—n
tation, adsorbed by soil colloids or flushed out of the sdystem at

u

springmelt:'. Since commencement of this study, decomposition of orgarfic

matter has been documented beneath the annual snowpack in thef‘pemperate

(McBrayer and.Cromack, 1980), subarctic (Moore, 1984) and arctic (Douce

iﬁd.Croséley, 1982) regions.. Moore (1984) re‘port.:s'that‘ in the Scheffer-

~

" ville region of the‘ -subarctic, stgnificant amounts of decompoéitign

“

occur during the winter months. In gnother study, Moore (1983) demon-
strates that a significant amount of this ‘decomposition occurs just
v 1 i -

prior to snowfall accumulation in late fall, at a f;me. when ﬁlant

'acti‘vit‘ies are” minimal dnd flushing 1s minimal because’ prgcipi'tat'ionj

v i

falls '‘as snow. -
It 1is thought thht‘during the springmelt .period dissolved nutrients

accumulated from the period of intensive decomposition referred to by

.Moore (1983) plus decomposition occurring through the snowyear at the

‘base of the snowpack are flushed cut of the system by the springmelt.

The nutrient mass scoured at this time a product of physical and chem-

ical ‘interaction at the bage of the snowpack.

l

1.8 .Implications of impermeable soils for the chemistry of snowmelt

runoff.

It has been reported that the pH of rain and snow falling in the’

-gubarctic is mildly acidic, pH ;4.0-6.0, (Drake and Moore, 1980; Daoust,

\

'1982). During springrﬁelt the initial fraction of the nmeltwater
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di{scharging from’ the snowpack will, according to the .’1itei'atut"e contain

,a éisproportionate fractipn of the snowpack-source hydrogen’ ion

s ) '

_ (Johannes et a_l‘.\, 1980). Because the subarctic soils are frozen- during

the melt period‘and would remain so except in areas where pondit}'g of °

water occurs, the acidic meltwater would reach downslope water ‘bodies

with vety little if any 1ntei‘action ‘with the mineral 'soil. . Unless

b

|
. o ' .
significant ponding occurs, or very high buffering within the" surface

.vegetation and litter ‘occur"s, a 'large portion of the gt fon in the

.

meltwater runoff will reach sensitive water bodies.

]

A large proportion of the eastern subarctic--approximately \QOZ‘

(Holmes, 1965)--is composed of Precan;briar; granite; The remalning.207

¢onsists of the Labrador éeosyncline a trough of sedimentary deposits.

it follows that a véry 's;.gni.ficant -‘portion of the eastern subarctic ‘has
lit;le buffering capacity to gegtraliz; the atmospheric lac’:ici'load.
Modellors concerned with predicting t:‘mla effective" Buf"fefing capacities
of Precambrian shfeid subarctic systems would ha;re to account for the.
-lack' of *infiltration of a;cidic snlowmelt water ;t'nto thé minera'l soll of
these sex’mitive subarctic "ecosystems.' As> snowfall comprises
'approximately 507 of the annual precipitation in the eastern and 457 in
'. the western subarctic, a significant percentage of the annual
-preéip;l.tation will elssenc‘iélly bypass the.. largest component of the
ecosystem which can effectively buffer the acidic snowmelt runoff.

w

Implicatlions for downslope aquatic systems

]

wﬁ@clh, are not gwell buffered,
for example in“t:he anadian Shield, are primarily a reduction in the
time it takes to reduce the who;Lel lake pH. This wil}, in turn, be a
partial product of the degree to which the snowmelt water mixes with the

lake water.

. e
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In temperate catchments, the degree of mixing is a product of
several physical and climatic factors ‘such ag basin morphometry, lake
volume, volume of snowwater on the catchment gnd intensity of the melt.
Jeffries _e‘t;_a_l. (1979) report d'if;ferences in the’ mixing depth of —snow-
melt water in lakes 1In south central Ontario. The differences are
qualitatively at;tributed to the fa::tors described above.

Several studies undertaken 1in the temperate (Groterud, 1972;
Henriksen and Wright, 1977; Hultberg, 1977; Stigebrandt, 1978 and

Hendrey et al., 1980) and Arctic regions- (Schindler et al., 1974 and

Bergmann, 1982) have Indicated that the meltwater entering/» lakes by

streams discharge across the lake surface in a reldtively thin sheet. °

Interaction of ‘meltwater with the lake sediments 1is thought not to be

significant.

Iy

1.9 1Implications of meltwater terrestrial subsurface and overland flow

“

on lake mixing.

A literature searc;h reveals studies of lake niixing in subarctic
lakes are 4dlmost non-existant. La Perrier (1981) was the only excep-
tion; the geographical location of thls study area-northern Alaska—-—
makes 1t more arctic in nature. In this area sr}owfall 1s low, unlike a

large portion of the subarctic where snowfall water equivalence is very

's;gnificant. > La Perrier's monthly sampling interval permitted ounly a

géneral examination of mixing through the year.

\

In i:eniperat:e watersheds much of the water running directly from the

land to the lake does so via subsurface flow, as such, 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 1n northwestern Ontario {is approximaté],y 4.0 x 1079 cm sec!
Y(Beaty, Pers. Comm. 1982). This value-wés recorded t\he t;ay after a 2.5
em rain storm. Measurements during snowmelt runoff were not taken. ’

Saturation overlanld flow produces flow ve‘locvities (during snowmelt)
between .11 and .28 cm sec™l (Dunne and Leopold, 1978). Price (1975)
reports overland flow rates during spx_‘ingmglt to reach a maximum of .87 ,
cm sec™! in the' eastern Canadian subarctic. It 1is thought that the flow
velocities of meltwater overland runoff Iin the subarctic will approxi-
mate those reported abox;e for saturation overland flow by Dunne and Leo-
pold. Application of the mean value of .20 cm sec™l to the velocity of
snowmelt water enables the formulation of hypothesis .regarding the °
degrée of mixing oungoing at spring melt in subarctlic lakes.

Wetzel (1975) reports that "..,in lakes, velocities of only a few

mn sec! can induce turbulent flow". This can lead to mixing between

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

A

temperatures in subarctic lakes will be less tham 4°C. The energy Te-
quired to disturb any density differentiai in very frigid waters is very
small. Wetzel (1975) reports “the amount of work required to° mix
+layered vater masses between 29°C and 30°C is 40 times that required for
the same masses between 4°u and 5°C. It follows that the formation of
stratigraphically distirct layers of snowmelt water and lake water where
overland flow enters‘a lake 1is not guaranteed, especially as the inflow-
ing water falls in the range of crating necess{arily apply to temperate
lakes in the range creating turbulent fIow. What may be true for sub-
arctic lakes need not necessarily apply to temperate lakes at least

where direct runoff irito the lake {s concerned. B
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Tﬁe hydraulic conductivity of the Quatermary deposits overlying the
bedrock in the- Canadian Shield ranges between 2.10"3 cm.sec™l to 7.105
?m.;ec'l (Newbury and ﬁeaty, 1980 and Cralg, 'Pers. Comm, 19823). The low
hydraulic conductivities rép’orted for littoral zone sbeepage'and sub~
surface flow (which eventually contributes to the downslope water body)
are, according to Wetzel (1975) insufficient to“create turbulent flokv
and concomitant mixing with lake waterl. Hence ;nixing of snowmelt water

and lake water may be physically impossible in'tempera‘te regions if the

direct inflow to lakes is by subsurface, flow and see{mge in the shallow

i littoral zone.

Overland saturated flow directly into lakes during springmelt is
unreported 1in the literature. The 1iteratur,e exami:ning the occurrence
and mechanisms prompting overland saturated flow are pr'imarily concerned
with areas draining into first and second ordér streams (for example

Dunne et al., 1975 and Piers;m, 11983). V Newbury (Pers. Comm. 1983) has
observed overlaond flow thought due to saturated conditions on a Canadian
Shield catchment 1in northwestern Ontario. Although the observations
were not c}ualified by measurement, the topography of this particular
area suggests the groundwater table would be in position to displace and

redirect subsurface flow. -Observations on three spring melts at the

Turkey Lakes Research Watershed in northern Ontario indiéate overland

saturated flow is not a common event where direct input into the iakes

from land' is concerned (Cralg and Semkin, Pers. Comm. 1984). The vel-
ocities reported above for overland saturated flow would be sufficient
to promote mixing in the shallow littoral zone of lakes during spring-

melt; the frequency and occurrence of this process contributing directly

to lakes in the temperate region 1s unknown.
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The degree of lake mixing during springmelt in the temperate zones

is reported to be small (HE;ldreygg_a_l., 1980). The potential for sﬁow-

-

melt water mixing to grfater than a.-few cm in depth with lake water in

the subarctic appears to be high.,

regimes between subarctic and temperate lakes for nutrient budgets will

be discussed. Sl . )

-

-

high proportion of the incpﬁxing nutrients will be retained within the

laké. The proces;es thought responsible for this retention are adsorp=

Ll

tion of nutrients .to littoral sediments and biological uptake- by pl‘ank-

. ton. ¢

Most of the lake nutrient models have been Formulated from temper-

.ate lake dj%:a (for exagpl,e', Dillon and Rigler, 1974).

thes%‘e/n/od\éls to subarctic lakes should be e‘valuated'_in light of the dif-
- ferences between the tfo systems. Mixing of snowmglt and lake water in
the littoral zone of subarctic lakes will not be apparent-in samples

. O N
taken from sampling sites located at_the deepest portion of the lake or

- T | ~

a ~

. 1.10 Purpose

. The purpose of this research is to examine the role of the snowpack

L

and snowmelt runoff in the rkutrient budget of s(sbarétic -tundfa; wood-
7

»
.~

' land, fo;‘est‘and ‘lake ecosystems during the springmelt period.

hypotheses established to provide a framework for ,t.his'resea-rch are dis~

cussed below.
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in the lakes dischérging stream, as is the practice in temperate lakes.

Implications of different nixing

\_\' If the meltwater mixes in the littoral zone of isubarct:ic lakes a
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1.11.1 Impact of plant community arpon snowpack “hutrient mass

S Terrestrial and aquatic .systems in northern 1atitudes are normaldy
oligotrophic (Schindler et al., 1974; Hdag, 1978; Bliss, 1978; Moore,
. 1981). Though nutrient concentrations 1in precipitation falliﬁg in the

subarctic are reported to be lower than most report:ed temperate sites,

(<.45 ,um) in precipi.ta,ti:on is speculated to be proporqionately more

~ , ’

important to the subarctic systems. Decomposition is very slow and bio-

logically import:mr: available P and N is . .lowered in the subarctic ters

reported in the 1iterature’ (Rigler, Péers. Comm., 1981).
. © " As the winter snowpack comprises a very significant portion of the

afnual pregfipitation it represents a substantial contribution to tbeee
) oligotrophic subarctic sfystems." '

¥ o

Additional nutrient 1input-to the snowpack by .organic matter is

reported in the temperate regione (e.g., Pearson and Ta}lor, '1982) and
. ) R ‘
! in a study conducted by .Manuel (1983) near Schefferville, Québec.

The dominant plant communities in the subarctic are lichen—heath

tundra; open spruce—iichen woodland and closed spruce-moss forest (Hare,

Eoe -
.

- ° 1955). It is hypothesized that the nutrient contentrations in the snow-

pack will reflect the plant community. Assuming that the atmospheric

~

_ nutrient contributivon to each plant community is equal, the differences .

: ,;j;f*j‘beg:ween plant community snowpacks can be attributable to organic deposi-

- ' tion duz‘ing{ the gsnowyear. The recorded differences are hypothesized to -

({J'? be significantly- different due primarily to the 1ncreasing~‘denslcy of

. Ww,mm e R e B
AT S e A\ o £ e ”’ oA Lt adie -

8 " the atmospheric contribution of available form or dissolved nutriehts

L restrial sysfems (Haag, 1978; Moore, 1981). -Lakes in the eastern sub-.

arctic near Schefferville, Québec rank among the most oligotrOphic- lakes
: . N . .

L* - ,‘.e.gi."‘ TR
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spruce (Picea spp.) trees, the species with the greatest above spow sur-

face biomass and therefore potentially the greatést contributor of lit-

ter to the snowpécic during the Snowifear. - Accordingly, .the ascending

order of snowpack nutrient enrichment due to organic ‘matter contribution

'is postulated to be lichen-heath tundra open gpruce lichen woodland

Y
\
P © . N

closed spruce moss. fox:est. : . '

1.11.2 Fate of snowpack-source nutrients during spring melt runoff

-

The c¢onceptual model outlined above for snowpack-source P and N

[ -

transfer during gpring melt (section 1.6) provides the structure for

hypotheses regarding the potential transfer of these biologcally impor=

tant nutrients during runoff.

It is ﬁypothe'sized that -on slopes:in the subarctic, snowpack éource

P will not be retained by the terrestrial portion of theé ‘catchment but’
[

will be transferred Into downslope water bodies. .This: is primarily

because the snowmelt water , 1s 1isolated from the mineral soil where

adsorption 1is reported to be very high (Johnson and Cole, 1977;

Schin;ller et al., 197‘V6). During the snowmelt process it is hypot:heosized

that NO3~ will be retained by -the terrestrial‘catchment; very 1i£t1e if
. -

.any of the snowpack-source NO3~ will reach bodies of water into which

t:he snowmelt water is draining. Microbiél absorption of‘ N wit‘hin the

humus layer: is speculated to be very high as northern subarctic ter-

restrial systems are N limited (Moore, 1980). It 1is hypothesized that

on slopes the snowpack-source Ca2t, Mg2+, Nat and xt will not be

- - 'retained with’in the organic material above the frezen mineral soil

during qpringt,nelt. This is primarily because of low biological activity

o

Ll

.

.
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and the fact that these nutrients are more readily available than P or N

_ ahd as such are not considered limLting -.to ‘production in the subarctic..

N

1 11.3 Interaction of snowmelt water anﬂ the organic layers at -the

base of the terrestrial snonack. .

Pa

McBrayer and Cromack (1980) report that the critical alr tempera-

ture for decomposer activity is not known but is well- below 0°c. Tém—

\

perature recorded- at the base of a. thick snOWpack in the Alaskan sub-

arctic (Whitney, 1976) indicate a temperature range amenable to decompo—‘

sition (0 -to -5°C). More recently, -Moore-(1983) reports snonack, tem—

peratures at the' snowpack base "in. the Schefferville region to range

> ~

between +0.1°C and=3°C. It 1is hypothesized that a portion of the dis— .

solved nutrient accumulation resulting from: 1) the intensive period of

[ ~

decomposition in the ‘subarctic just prior to the initiation of the

annual accumulation of snow, reported by Moore (1983) and 2) the decom—
) ® . . | .

position occurring beneath the snowpack (Moore 1984), will be physically

flushed out of- the organic horizons,above' the frozen mineral soil during

the ‘melt period. This of course will occur only on alopes. Where*

/ ponding .of water occurs, the mineral soil.will thaw much faster and in-

filtration and nutrient retention within the soil or subsurface water

~will occur.

In accordance with the diswssion and hypothesis on the fate of
snOWpack source NO3~ it is gssumed that the NO3™ released during decom-
position 1is retained by tlhe N-limited system and 1s "not physically
fluehed from the. terrestrial portion of the catchment.‘ It 1s assumed

that P, Ca2+ Mgz"' Kt and Nat released during decomposition will be

flushed out” of the systen. i

|4
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( - e A portion of the\?\, Cg2+, Mg2t, &t and Nat écouriﬁg will be direct- -
| S l& a result of the physical sgouring by meltwater runof%; avporiion will

result froﬁ idn exchange., Phogsphate will chemically éxchange with

8042', NO3~™ and "C1™ on organic colloids. If this exchange‘reaction i

occurs within the L, F and H. horizon; of the subarctic soil strata’ Coo
:~ * durlng énowﬁelt ruhoff,‘some retention ofdthe P ma;s ma§ occur, The .

retention will decrease a$ meitwater contact time with the ofg;nic ) "

material decreases. The‘éxchange efficiency?;;il_thus be a function of

the melt iﬁtensity and thegslbpe anéle along which the meltwater flows;

The greater 'these factor§ become the lower the anlon eichange efficieﬁ—

cy. It ig\hypothesized that because portions of the organic layers will

be frozen during the eérly peridd of the spring melt, the retention of
N ) ‘ available PO3‘4 within thé‘organic layers will be re&ucéd and the' total .
P mass discharging from the Eefrestrial‘portion of a subarctic gétchment N
‘ _will be greater than the mass determined in the snowpack. Cation ex-
ghange occurrigg at the bése of ghe snowpack will idcreas; the cation
mass discharéing from ghe terregtrial portion of thé system. Thus the
discharging cation mass will\ exceed ‘the sum of the snowpack sourgé
cation mass plus that physically scoured from the system. Though com-
pletenseparation of the physically scoured mass étom the mass resulting

from cation exchange 1s impossible wunder field- conditions, it 1is

possible to hypothesize' about the pattern of cation discharge .and the

~
v

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

I
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ions from. snowpacke; (Seip, 1980)/ and the frozen nature of the or;ganic'

'
.

layers above the frozen mineral soil. R j”
. _ . , . )

It is assumed the exsolving of ions from the snowpack will be pro;-

\ [

portionally greater during the initial portion of- the melt. The degree

to which physical and chemical scouring of nutrients occurs in the

‘
'

organic iand surface mineral horizons {is contingent .upon the frozen

ﬁature ;of these layers. On slopes it 1s assumed the mineral . soil is

essentiall.y impermeable to meltwater iﬂnfiltly:ation. The frozen nature of
the organic horizons just prior to springmelt will vary frmﬁ year to
year,_debendent upon, the'degree of saturation just” prior to the inftia-

2 { .

tion of the annual snowpack. Ambient air temperatures and the r#te of

snowpack accumulation are important. Snow is an efficient insulatorh

its efficlency generally increasing with depth (Granberg, »1982). 1f the

orgahic 1ayers‘were'unfrozen, the éreatest scouring of nutrient mass
‘ w;uld be expected during the initial portion of t:}he melt as the greatest
'proportion of snowpack source lons will exsolve and percolate into the
(5, L, F, H layers at this time. Cation and anion exchange would be
greatest at th%s( time. A frozen organic éubstrate would curtail the lon
exchange as the number of~ exchange. siltes would be restricted at this

tinme.

‘It 1s hypothesized that the scoured nutrient mass discharging from

the terrestrialjportion of subaretic catchments_; will be proportio‘nallyl

greater during the initial -part of the snowmelt funoff, reflecting the
disproportionate exsolving of snowpack source ions at this time. The

degree of disproportionately will be a function of 'the quality of the

organic layers above the frozen mineral soil.

b
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1.11.5 anwmelﬁ—laké water interaction.

The potential for snowmelt water~lake mixing appears high in the

1Y

subarctic as overland .-flow rates reporﬁed above are in the range needed

4 N v

to disrupt Iake water stratification especially at low water tempera-

tures. It 1s hypothesized that in the su?qrctic significant mixing of

. snowmelt- water with lake water occurs. Becadse of the oligotrphic

. . . v ' o 1
much -of the blologically important nutrients, N and P will 'be retained

f

within the aquatic ‘system. '

~ A t

1.12 Study aréa seleation

' .
LN v B

'The study area chosen was the Schefferville regioﬁ of the eéstern

¢

subarctic. The' Schefferville region is typical of the eastern sub-

+ "arctie, climatically and botanically-.and excellent logistical support is

avai;dble at the McGill Subarctic Research Statien In Schefferville.

This area receives approximately 49% of its annual precipitation as

’

snow (Barr and Wright, 1981), - -typical of "the eastern subarctic (Canada,

- '1978). The soil 1s reportedly féozén through the duration of _the

springmelt (Price, 1975). Examination of the ﬁydrological Atlas of

Canada reveals that ‘snow depths and seasonal temperatures recorded, at

Schefferville are typicél of the eastern subarctic. The frozen,

relatively impermeable-solls recorded §urihg springmelt by Price (1975)

‘a%e érobably typical of much_of the edstern subarctic as few differences

exlst among the climatic factors (snow depth, seasonal temperatures,
) ' 1

autumn rainfall) primaril& responsible for the f zen condition of the

+

86115. B,

., . .
e - ‘ ‘. ™ A
. . » el
. i , - 3
' a ' . 0 -

) nature of these lakes (Rigler, Péfs: Comm. 19817 it 1s hypothesized- that .
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The plant communities 1inhabiting the Schefferville. région are

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

3
.

Harper, 1964; Hustich, 1965). ' , ,

The presence of the McGill Subarctic Research Station was a primary ’

factor in the selection of a study area as it has provided facilities

s
v

for researchers on subarctic processes for over 25 years. The studies -

produced from the McGill Statioﬁ are immeasurably helpful in .underr-

o -

standing hydrological processes .and nutrient cycling in the subarctic.

A limnological project based at the McGill Station u&dar the direction

of the late Dr. Frank Rigler. was an added reason for conducting the

study in this area.
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CHAPTER 2
METHODOLOGY |
Z.i Introduction -«
Thig chaptér des‘cribes“'t;he‘stt.‘tdy site, pre-fieldy)ork analysis, the
1nitial basin survey during the winter prior to the field season and
basin instruméntation." The sampling strategy for éhe snowpack, snowmelt
runoff, and 1aké and stream discharge measuremer;ts are .included.
Stream, lake and snow sample. treatment and chemical analysis are des—

cribed.

2.2 Study area L
2.2.1 Introduction |
The Scheffervilig reglon was cho;en'gpr several basic reasons. The//

region 1is distinctly subarctic “in terms of 1its climate (Hare, 195& ,'

show hydrology (Price, 1975), “soil (Moore, 1980) and vege;ation

“(Hustich, 1965). A weal‘th of environmental and ecological informat:ion |

coliected by various researchers on the immediate region isJ;vailable. \

In particular, concurrent studies included terrestr&al nutrieat éynamics

focusing principally on litter ‘decomposition and soll nutrient cycling

and nutrient dynamics in lakes.

2.2.2 The physical environment H ;

Schefferville, Québec 1s located on the Labrador geosyncline at
54°54'N, 66°57'W at '503 m.a.s.l. (Figure 2~1). The geosyncline com-
pri§e3~approximafely 20% of the eastern subarctic land area, and con-

tains carbonaceous rocks with high coqcentra&ions of Caz+, Mg2+ and P,

» ’ﬂ
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Dillon anda” Kirchner‘ (}975) report high export of P in dralnage waters of
sedimentary basins 1n the temperate zome.. The notable outcrops of
dolomijte in the Schefferville area (G;eologic%l' Survey of Canada, 1961)
imply that tt’;: \aquatic systems bordering on this rock type}nave e!.evateci
P égncent;atténs. Elizabeth Lake, a small lake ’Qi/if{:hin 6 km of

.

Schefferville "1s one such example. Chénard (1981) ;‘ecrts total

phosphorus (TP) concentrations in excess of 8 ug 1-1 for this lake. The

véry oligotrophic lakes within this region such ég Dolly Lake have TP

concentrations ‘at the 1limit.of detectability, ) 01 ug 11 (Rigler, .

. Pers. Comm. 1980). The granitic' bedrock of the Canadian Sfxield is

B

nutrient poor (Dillon and Kirchner 1975) and as &Ssuch the nutrient

‘concentrations in lakes on the eastern subarctic shield are uniformly

low (Orth; Pers. Comm. 19805.

The climate of the Schefferville region is characterized by long‘

cold winters and short xool, wet summers. The mean annual temperature

récorded at the Mcéill 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 approximately 48% of the annual,

precipitation has been recorded in all months of the year; much of the
rainfall 1s recorded from late May through to early September.

The r'idge—.valley—rid‘ge topography, of the Labrador trough striking

northwest-southeast, has an appreciable 1influence on veget‘ation

distribution, snow accumulation and itidirectly on the soll climate

during the snow year.

]
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The ridges, composed of more resistant rock, such as chert-breccia,

are’ essentiélly devoid 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. 1In the valleys
snowpack accumulation r;nges between 1.0 and 3.0 m. Although the snow-
pack in the valleys is sufficiently thick to insulate the ground agginst
the formation of permafrost, the soil surface is réported to freeze and

remain so through the springmelt period (Price, 1975). This feature is

A\
4 \ :

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

arctic ecosystems from téméerate ecosystems where meltwater frequently

®
infiltrates the unfrozen soil.

The major plant communitiés of the Schefferville region ate lichen-

heath tundra (hereafter referred to as gqndia), open gpruce~lichen wood-

land (hereafger referred to as woodland) and closed spruce-moss forest

H

(hereéfter referred to as forest). The terminology employed to describe
the plant communities follo&s that of Hare’(1959) who deséribes their
widespread occurrence throughout the iabrador—Ungava Peninsula. The
fypical coenocline (Whittaker, 1975) is tundra &ccupying the elevated
ridges, woodland growing in the midslope area, the forest occupying the
well drained portions of the valley flo;r and in pearly drained portions
of valley floors an& nutrient poor fens. The pattern of growth is not
so much successional as it i1s environmental. ’

The pedogenic processes operating 1n the Schefferville area, in
order of importance are 1) podzolization, 2) gleying, 3) organic matter
(decomposition, 4) leaching and 5) weathering (Nicholson 1973). Moore

(1978) describes in detail processes affecting soil pedogenesis in the

subarctic. The soil is frozen during most of the snowyear (Price 1975),

N I SN S B B T O . T T A e e it et ]
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temperatures a.t the base .of snowpacks have been recorded 1in subarctic
Alaska to range between 0°C and -5°C (Whitney, 1976) and in the eastern
Cana'tzian subarctic ‘to range between +0.1°C to -3°C (Moore 1983). This
temperature range 18 sufficient for decomposition of organic material by
microorganisms (Hendriksson et al., 1982), as shown b; Moore' (1983,

1984).

2.2.3 Selection of the Elizabeth Lake Catchment

+ The following criterla were established in the selection of the

3

" study site: .

v

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

i1) the catchment had to be reasonably close to the McGill
. Station in Schefferville such that transportation was not

a logistical problem during the winter and spring when
& nunerous water samples needed to be shipped to the lab for
cold storage.

111) contamination of the, catchmént should.be minimal, either
by direct human contact (e.g. snowmoblles) 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
focus of research, either limnological, hydrological or
terrestrial would provide the added bonus of background
information.. T
The only catchment which met all of the site selection requirements
was that of Elizabeth Lake located approximately 6 km southwest of the
Schefferville townsite (Flgure 2-1).

The topography of the Elizabeth Lake catchment typifies the
ridge-valley-ridge sequence well noted in the Labrador geosyncline.
Elizabeth Lake is located on a dolomite deposit. The ridges containing

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

o
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coenocline typlcal of this region exists in- the Elizabeth Lake catch-

,ment: tundra occupies the' upper ridges, 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 Lakeait 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 reducevthe probability.

Access to the Elizabeth Lake catchment was Trestricted by the Irom
VOre Company pf Canada (IOCC), eliminating disrupt;on of the natural ter-
restrial snowpack by snowmobiles.

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

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

'providea 1nfotmation on the depth, densit§ and water ‘equivalence of the

snowpack within each plant community and on the lake ice cover.
A limnological project conducted by the late Frank Rigler had col-

lected several years data Jon Elizabeth Lake TP concentrations. An

) iﬁit;al survey of intqrmittenf streams by the limnology project provided

‘aluable information on the terrestrial contribution of TP to the lake
during the ice free year. Regular sampling of the single discharging
stream from the lake provided baseline information on the lakes

hydrology and TP mass flux from the lake. A Foxbero diaphragm recorder

I

installed in}1978 pro%ided continuous recording of the lake level.,

By comparison with other subarctic lakes regularly sampled in the

‘ﬂn C < v
Schefferville area, Elizabeth 1lake 1s meso—eutrophi¢ (as defined by
- "

o
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W;etpzel, 1975) with\ average concéntra‘tions of epilimnetic TP of 12'ug L1

(Rigler, unpublished Bda’ta, 1980). This is thodghﬁt‘t:o 4be[a function of

thel dolomite deposit/in the -catchment. Although the eutrophic nature of

the lake will not ;ffect the signifij:ance. of the re;ults.dealing wilt:h

the ‘intera’ction between snov meltwater and the te;'restrLia‘l pertion of
. - ) .

the catchment, the significance of spring nutrient loading to: the lake

" will be affected. ' : - S e

2.3 TIditial surveys W ; e

i
N .

[

As 1t wis initially hypothesizéd that vegetatio"nﬁ will signific“ax;t]:y
alter the chemistry of snowmelt runoff, a detaile‘d map of pla;ft communi~
ty distribution was prepared. Black and. white panchromatic ae;'ial
photography (11:2406\)‘ Fvaiﬁéd by the Iron Ore Company of Canada was used
to map p.lant: communities within the Elizabeth Lake bagin. Accﬂf'ding to

Heller et al., (1964) this photographic scale is more than adequate for

.
2

plant community identification. o .

A preliminary survey of potéﬁtial fleld sites 1in December 1978

« 1lncluded a cursory examination of snowpack depth distribution within the

\"'vrl

. % < various plant communities. As Snowpack accumulation and melt are

G'v‘ . ?
partially a product of the enviromment in which the snowpack 1s located,
slope angle, aspect and exposure to the prevaili#g northwesterly .wind
/ .
were noted. Further qualification of snowpack physical qualities and
ol . B -

" digtribution Just prior to peak snow year on the Elizabeth Laice
ﬁ :
. J :

, catchment was deternmined from data reported in- Adams and Barr (1980).,
By comparing the aerial photography, abcontqour‘map‘ of the safe
l. scale (provided by IOCC) and obseryatibns from the initial field survey, -

M ?

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

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

v

secondary (areas contributing to elevated ponds which' may reach the lake

4 .

via groundwater, if at all) drainage.
During spring 1979, the Elizabeth Lake basin was examined on foot
to provide ground truthing for the vegetation and drainage%baseline

maps. The panchromatic photography providéd by IOCC “was taken in 1958,

but as growth 15 very slow, few corrections were necessary and individu-

al trees and other suitable benc':hmarks could be identified. More recent

L
1

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

community interpretation or drainage delineation. .

.

One of the mz;jor considerations for plant community division was

the effect of the vegetation' structure on the physical structure of the

1

snowpack. It was hypothesized that the snowpack ,structure would have

>

implications for—the melt pattern and the chemical interaction between

Iy

the meltwater. and the base- of the snowpaék. The roughness factor

N -

created by vegetation and its effects on snowpack composition 1in the

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

An added reason for the delineation of the catchment into plant

communities 1s the effect of vegetation on solar radiation and therefore.

1

on the melt pattern during the springmelt.

.

Within the Ellzabeth Lake catchment, 12 plots, each 400 m2, .were

examined for species composition using the Braun-Blanguet method of -

plant species association. Four plots were located within each of the
three recogi\ized‘plant associations. Species dominance in each plot

(tree, shrub, herb, ground) was of particuiqr ingtérest; subdomi‘;{xant
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‘s.pecies were also noted. The plots were established in a repfesentat,ive

position within eaéh as‘semblgge so that the transition areas along the

" 4

bo_fders were excluded. The criteria of Mueller—Dombois and Ellenberg

(1974:46) were met 1in each plot: namely, the.sample stand was large

- , N

. ‘/ The analysis reveals that the 3 vegetation units determined,
\» " - ' * .
iinitially by observation for Braun-Blanquet analysis can be defined as -
{ .
) .

enough to containn all species belonging to the plant‘ community, the

habitat was uniform within the stand area and the plant cover was as ' -

L .

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

great importance to this stud'y only species signifiéance and soclability.

L N

were noted (Table 2-1).

three separate plant associatlons.

~

Plant community analysis revealed a difference in shrub and ground
vegetation :fpecies in portions of the woodland plant community.(appendix
A). The woodland community has two principal components in the shrub-

P

ground vegetation which essentially differentiates the plant commu;xity

Into two subgroups. The two subgroups are: ‘1) the woodland which is

associated with a considerable growth of the shrubs Betula glandulosa
and Ledum groenlandicum, and 2) the woddland in which the shrub growth
is very sparse. The dominant éroupd species ass'ociated’ with the 'two

subgroups are 1) lichen and moss species in roughly a 70-30 ¥ coverage
ratio in the plots with considerable shrub growth and 2) lichen dominant

’

( 90% ground cover) 1iIn the plots with little shrub’ growth.

From both a structural and compositibnal viewpoint the plant; com-

4

munities found on the' Elizabeth Lake catchment are similar to those
found elsewhere in the eastern subarctic (Hustich, "1954; Harper, 1964;

H

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

" -

1
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Table 2.1. Specles significance scale sho.wig_xg covet-abundance for
: each numerical rank.
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) Specips significance
Ranking Qualitative value— Cover-abundance (%)

1 _liare occurrence Negligible

2 Seldom occurring up to 5
3 Common occurrence CTTE=T10
4 Oc;utring often 711 - 20
5 Occurring vei'y often 21 - 35

6 ; Ab';mdant: cover 96 - ~50

| '; More abundant . \ 51 - 715 :
8 Very abundant . up‘ to 95
9 Most abundant

) . 9% - 100

Sdci'ability Index

7

* Growing sing ly

Grouped or tufted’

f v . 5
Growing in small patches or cushions

-

Growing in’ small colonies, extensive ‘patches,

forming carpet

Forming pure pOpulations

Sociability is
within a sample plot.

>
.

[

s
an evaluation of dispersion. of a species

T
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2.4 Snowmelt runoff enclosures

Runoff énclosures were constructed in the three plant communities
to collect and monitor snowmelt and its chemical composition.

Preliminary examinaﬁion of the snowpack and data provided by Adams

' and Roulet (Pers. Comm. 1979), cOupled”with the Elizabeth Lake catchment

drainage map, resulted iﬁ‘a rough estimate of the potential snowpack

watef volume which could drain into Elizabeth Laké during snowmelt.

Uginé Price's (1976) estimate of 5.0 cm maximm melt day~l 1, a rough

calpﬁlatidn was made of discharge which could be expected from each
N /

. plant community for a given surface area per unit of time (assuming con-

" crete frost prevenfed any significant infiltration).

4

(.‘

I

!

Based on these estimates of snowmelt runoff, rectangular enclosures
measuring 3.0 m in width by 30.0 m in upslope length (Figure 2-2) were

constructed in each of the three plant communities during the late

),

8 lmgr,and early fall of 1979. The locations are shown in Figure 2-3.
l/
The decision to construct two plots in the woodland and two in the

forest and one in the tundra was based on the varlation of ground vege-
tation within the two treed plant communities and the lack of Vas¢ation

wighin the tundra.

A second reason for the number and distributién of runoff plots

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

tion. - The mor? accumulatton in the tundra was, insignificant compared

with that beneath the 1lichen in the woodland and much 1less fhan that

lprice's (1976) estimate was for a forest community. An additional 2.5
cm day"1 were added for the tundra and open spruce plant community.
2Mor is defined as humus consisting of organic mater distinct from the
mineral  soil beneath.

e
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_Figure 2-3: Elizabeth Lake catchment,—Labradof.
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of the slopes selected for measurement.
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bet;ea‘th thé moss in the forest. As the ground vegetation and mor .would

L]

be‘. the principal organic - components with which the . meltwater. would

interact with it was thought this physical an_ci chemical interaction

"would be more significant in the forested plant communities. This con-

.sideration alded in the decision to locate two runoff ploté in each of |

the woé:dland and forest and one in the tundra.

Site selection for the runoff plots was baséd on similarity of

blant composition, slope angle and aspect within the pa‘rticlula’r plant

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

runoff plots and corresponding plant communities has been noted above.

Thé slope was measured at 137 locations within the primary meltwater

S

runcff contributing area. Measurements were taken approximately edch 25

m on hillsides within this ared. The only exceptions were the talus
slopes'and cliffs, where measurements were not taken.- As the primary
reason behind this exercise was to determine h_ow' representative the

meltwater runoff plot si‘tes\ were within the plant community in question

it was not necessary to include the portiohs of the primary runoff con—

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

*

In the forest, 37 measured slopes have a mean slope of 8.63°, 8

(standard devidtion) = 2.97; sx (standard error of the mean) = .49).

~

' The slope of the runoff plots in the forest are 9.5° and 12.5°,. somewhat

greater than the mean value. The mean determined value for the forest

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

basin which represents 82Z of .the forest within the catchment and 18
samples taken from the south .basin forest which represgnts only 18% of
; A
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Location of slopes used for determining

- mean slope and aspect in the three plant
communities in the primary meltwater runoff
contributing area of Elizabeth Lake catchment,
Labrador. '
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the’ total‘catchh\:ent forest. The discrepancy between 'sample numbers and’

~

area is due to topography. In the north basin, the mean slope 1is 10.8°
(s = 2.26; s% .52); the two forest runoff plot sites slopes fall within

i s m
1 S of ‘the mean.. The woodland sites on the primary contributing area

v

‘have ‘a mean slope of 13.3° (s = 9.04;.8R=1.04; n = 76). The two runoff

. . ~ {
plots. have slopes of 9.8° and 19.5°, both within one standard deviation

of the mean. The tundr:a~ has a2 mean slope of 16.1° (s = 4.75; §%x=.20; n
- ‘24); the tundra runoff plot hag a slope of 13.“5", w’ithin one standard
‘deviation ofAt'he mean.-

Within the primary’ cOntril;-uting' area; plant gcommunities” occupy
s-i'tes “with diffe;ent slopes and aépects. The hourly exposure'of direct
su;xlight on_t:he pla‘nt comn;upities. was ca‘lculated in order to determine

how Tepresentative the ;aspect of the runoff plot slope is of the plaﬁt

L4

commuhity it represents. Oniy one .day during the melt period was used

4

to determine the hourly exposure of direct sur}light on slopes of

different aspect, within the catchment. The 15 May was chosen as it was

' approximately halfway through the melt period. The hours of sunrise and

sunset were 0345 and 2000 hours, respectively (U.S. Navy 1960). The

aldtitude of the sun at different times was derived from the following

El

equation: ’

SinX = Sin%r Sin(* + Cos&Cos%-Co‘sJ“

where: (X = angle between the direction of radiation and the

' 3
horizontal surface .

5 = the suns declination ' ' ‘
¢ -= the latitude

j\' = the sun's angle hour (Raudkivi, 1979)
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Ditect sunlight 1is defined as that striking a slope between 45° and a
line perpendicular to the slope. Areas with very similar aspects in the

plant communities were defined from the map; each area assigned an

" aspect. and mean slope gradient. /At hourly intervals between 0500 and

s

1700 hours measurements were taken for 6 forest sites, 8 woodland sites

. and 6 tundra sites. In the forest .t;he runoff plot slope received 7.0

" hours of direct radiation; . the .mean value, ‘for the plant community is

7 83 hours (s = .69, 8%X= .28, n )/6)\‘A1th0ugh t:he runoff’ plot received
less dfrect radiation t:han most of the forest areas it: is thought

because‘of the relatively dense growth of white spruce that the differ-

" ‘ence exhibited between the runoff plot -and the rest of the:plant com-

i
&

munity may be negligible in terms .of its direct impact on the intensity.

©

of snowmelt.

"The woodland runoff »pl,'oé slope received 8.0 hours of direct radia-
tion somewhat less than the mean value (x = 8,62, 8 = 1.93, sX = .68, n
="§) but within one standard deviation of the meap. The tundra runoff,
plo!: recelved 7.0 hours of direct radiation; the mean value 1s 7.16

hours (s = 3. 62 st = 1.48, n = 6).

5
-

2.4.1 Construction of runoff enclosures

N

‘The plywood 'sides of the runoff plot enclosureq were entrenched 25
to 30 cm below the gr'0und surface;‘ approximately 30 cm of the plywood
protruded above the ground surface. This was sufficlent to contain and

isolate the saturated flow within {:he'funoff plot from that outside the

'fenclosure. To reduce ~chanhelling of snowmelt water along the inside

wall of the enclosures, the fence was constructed such that it ran flush

[}
"

t ' . :?‘ [l
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to the ground surface along the inner perimeter of the plot. To reduce.
heat absorption by the plywood durlng 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 "braced with wood where necessary.

-
-

After construction of the runoff plots was completed, each site and the

slope. from lakeshore to top of the slopé were surveyed using a theo-—

-dolite and standard surveying techniques (Bouchard and Moffat, 1972).

The 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 1n turn drained into the V-notch weirbox. Edach

welrbox was equipped with "a Belfort 5-FW-1 continuous water level

a

recorder fitteﬁ with manually wound 2%4<hour clocks. The water level

recorder was, housed in a plywood box mounted over the weirbox.

2.5 The fleld season

A report on moisture migration from moss to the snowpack im the "t

, interior of Alaska (Santeford, 1978) states that between 25 and 307 of °

L

the winter qnowpaéic water equdvalence 1is derived from moss via wvapour

3 N

trangport - flux. Occurrence of this process would alter snowpack and

3

snowmelt runoff chemistry. As a major purpose of this researcp focuses

on understanding the physical and chemical interaction between peltwater

.runoff and the organic strata4of the bage of the snmowpack it was impera- °

N

tive to determine if the _moistﬁre migration as reported in subarctic

4

Alaska occurred at the study site and, 1f so, 1its significance to t;‘ixe

water e'quivallence of the snowpack.
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Ground vegetation (moss and/or 1lichen), mor and soil samplgsWere\

-
taken from 35 sites on the basin during early November 1979 and again at

snowyear at the end of March 1980.

T ’ .
With the exception of 2 sites located within 5 m of each of the

" five runoff plots,A the 35 remain ites were selected in -a stratified,
[N .
random fashion. The number of sites - within ¢ch plant community 1s a

-
function of the percentage of the total basin area whﬁh\ea@ community

occupies. The two sampling dates were critical ‘perj.ods in th\e\« snow-

n

eyear. The November sampliné was init;iated 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 moisture content. ‘ The second sampling date was as close
to peak snow year as possible, gij“thout interfering with the snowpack

chemistry and water equivalence samﬁaling. .

]

[ ] § N
To determine, percent moilsture content, samples taken on _both

sampling dates were weilghed, and reweighed after being oven-dried for 24

°

hours at 105°C.

A second“purpose of this sampling schedule was to evaluate the dis-

£

tribution of concrete frost formation in the surface soil,
&,
It is reported that during spring melt in the.)eastern subarctie,

. the soil remains frozen and, ‘as such,~ infiltration of meltwater is fneg-

%Lble (Price, 41975; Fitzgibbon, 1977). The impermeability of the soil

7

s

,
i
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during this period 6f the year 1s reportedly dug to the formation’of
. :

concrete frost. As ground frost of. this nature impedes water movement

through the soil, 1its spatial distribution in the catchment within each

plant community is of primary interest. It was ‘hypothesized that: soil
i . .

. moilsture content wogl-c} be significantly higher in the areas with con-
- { N . N

i

crete frost jthan 1in those aréas-Specifically on ,the upper portions of
steep slopés--where the frozen soil had a freeze-dried texture (observed

during the spring of 1979). The "freeze-dried"” soil crumbles when com-

pressed, the "concrete" frozen soil requires substantial force from an

'agg_to ‘c'hip_portions from the ground. Price and Hendrie (1983) define’

concrete and honeycomb frost., The former a result of rapid freezing in
. ] .

very wet soil; the latter a product of the soil being relative]:y dry on

freezing. The frost formation on poroué, well drained, organic. rich

soll tends to be honeycomb. The March sampling date was suitable for

determining the maximum distribution c;f concrete frost.

Y

"¢.5.1 Snowpack temperatures

In order to record the temperature at the énowpack base and approx-

imately jone half ‘way up from the 'gfound surface, precalibrated Fenwall

‘ ther:mtéers were 1installed in the ‘snowpack beside each runoff plot 2

weeks before.the mélt began in the tundra. Three sites were chosen at
each plot, one at the downslgpe end, one at the upslope end, the third

b

site equidistant between the others. "1‘& Digital multitileter was used to

f < .
‘read the resistance on each thermister which was later converted to the

correct temperature. The primary purposeof measuring smowpack tempera-

ture was to determine when ' the - snowpack was“approaching 0°C and 1if

t

. f .
- ‘ ‘
% ® ‘
G
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o

freezing‘temperatﬁres would occur in the snowpack and at the base ,glq'ring

-

the melt period. Temperat;xre readings were taken each day'fro‘m instal-

latfon yntil snowmelt began, after which readings-were taken up to three

s
‘ ~

times a day.

2.5.2 Snowpack sampling ‘_ . ‘ S

to o

Surveys were conducted at peak snowyear to assess the ‘water equiv-

alence,’ physical structure and chemical composition of the sflowpqck.

-2.5.2,1 Water equivalence survey

Water equivalence measurements were taken in the portions of the
LN

basin which flow directly into the lake during spring‘meit.fu A Mount
Rose snow tube was used to collect samples taken at 5 m intervals ‘along

21 transects, most of which extended in a straight ii:ne from the shore-

]\;ine to the border of “the catlchment; a total of 360 ‘samples were taken

\ -

»

The shortcomings of estimating water ‘equivalence with Mt; Rose snow

tubes are reported in Price (1975) and Granberg (1980). A common re-

'ported error 1s 7% overestimation of actual water equivalence (Granberg,"

Pers. Comm. 1981). The Mt. Rose snow tube used in this study was cali-
; ; \

e
kit

brated and found to overest“ix‘il—;té the snowpack volume by between 5§ -

| .
and 8%. The tube was calibrated initially and at the end of daily

. - 4 i . .
sampling periods by weighing samples taken in the tube, then depésiting
the contents in a plastic bag. The sample was later melted and the

volume measured in a graduatedL cyl:l)der. _ The appropriate correction

factors were applied to each set of samples.

«
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.2.5.2.2 Snowpack stratigraphy and chemical composition

At peak snowyear, in early Apfil 1980, 50 snowpits were dug at
various sites throughout the catchment (Figure 2-3). Selection of 40 of
the sites was done 'using the stratified random ,selection procedure

mentioned above for choosing soll pit sites. The remaining lO'pits werer

dug near the base and upper end of each runoff plot, care being taken.

not to disturb the snowpack within the enclosures. The snow pits were

"dug within 5 m of the plots.

1

The physicalvstruéture of the snowpack was determined by employing
¥ ¢
a ’'snow-kit' designed by the National Research Council; the methodology

involved being described by Adams' and Barr (1974). Depth, density,

~

water equivalence (depth x density), temperature and dominant grain size

were noted for each layer. TFor chemical analysis, snow samples were

* taken from layefé large enough . to sampie (gréater than 5.0 cm 1in

thickness) and placed in clear plastic bags. .Snow-was scooped inho the
sample bag by hand which was encased in a clear, clean plastic bag.

Separate bags were used to sample each layer in é snowpit. A maximum of

-

5 samples were taken from each ‘pit. ’ O

v

The chemical data derived from the snowpits were used to determine

the chemical composition of the snowpack. ‘Composite chemical concentra-

tions were found for each sgnowpit ‘by computing weighted means. To

determine the ionic mass for P, N, Ca2t, Mg2+  Nat and ¥* in the snow-

pack the average snowplt nutrient concentration was.determined for each

plant community and multiplied by the plant community water equivalence
detgrmined from the Mount Rose snow tube survey. The chemical composi-

tion of the snowpack within the runoff plots was determined in a similar

~

- «

.
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i (.’ . . manner except only the snowpits located beside the plots were used to

determine the chemical concentration. The bé sites sampled within each

. runoff plot using the Mount Rose snow tube were used to‘determine runoff
plot water equivalence; cambined with the snowpit nutrient concentra-'

. tions, the mass of each‘nutrient'present in'the runoff plots was "calcu-
& ‘ o A o ,
lated. . . ' ’ - / .
A second purpose behind the sampling stretégy of the snowpaok was ~

‘to 1dentify horizontal and vertical- chemical variation within the snow—

pack. Statistically significant variation _among plant community snow-

- =

packs will indicate enrichmé t due not to atmospheric .sources but

gources within the’ catchmenff iStatistical tests performed to determine
nutrient concentration variation among sites within the same plant com—

. ~ . - ) . ' >
AR * munity were useful as a measure of confidence in the mean values used to
. + Vi * ‘. - i y

L /
determine the mean nutrient snowpack concentration for .each, plant. com-

munity. This would ‘prove very ,useful in the later work examiming the
" nutrient mass balance ,#ithiﬁq/the different plant communities during\
springmelt. Of particular interest was how representative.the chemistry

" of the runoff plots (extrapolated from nearby snowpits) were of the

F
I .

‘plant community snowpack they were representingw
Analysis of variance was performed to détermine the variation among

gites within the same plant community. snowpack.- The t-statistic was

employed to determine 1f significant differences existed between plant

. - community snowpacks. As there was some consisteacy of stratigraphic
layering within the snowpacks of the forest and woodland, samples from

! the same layers (presumablf resulting from the same storms) could be

I

taken and stratigraphic layers could be compared among different

= e e v e

ki
("‘ " snowpits for both physical features and chemistry.
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While infiécgmmdnity compérisons for woodland and forest snowpacks

are possible, intercoﬁgunity comparisons of stratigraphic layers within

the snowpack become difficnlt. ﬁbe greater the differ;nce in roughness
. factor created by the veéetatien, the more dissimilar the physical

{ ‘ ) :
‘structure of the snowpacET*“”ﬁg the roughness factors of forest and

woodland are superficially similar at most sites, comparisons were
N ]

possible between stratigraﬂhic layers.

"2.5.3 Spring melt
The melt period lasted almost 7 weeks on the Elizabeth Lake basin

from approximately 21 April to 11 June 1980. A$4 the melt period was

-characterized by’ alternating cold and warm periods, the ‘sampling

schedule reflected the weather. During peak melt at each runoff plot
several samples were taken each day. During periods of veryeioﬁ flow,
only oﬁe sample was taken per day.

At Ehe runoff plots, water samples were taken at the discharging
end of the plastic tile, at which time the flow rate was noted using
stop watch and a plastic 500 mL graduated cylinder and recorded on the
wgteg level recording chart.

Samples were collecéed in 1 L plastic bqtg}es which were prewashed
in a 5% solution of conc. HCL and rinsed well in distilled water. Prior
to cgllecting the sample, the bottles were rinsed twice with ‘sample
water. To allow .for expansion when later frozen, the ‘bottles‘ were

filled with 750 mL of sample.” A strip of parafilm was'placed?over the

open mouth and the cap screwed on slowly in order to prevent perforation

)

of the parafilm strip. The samples were storedﬂin freezers at -15°C at - -
a ~4 ‘

the McGill Station.

k)

a

VA e AT s 0



v

. taken using a calibrated YSI probe.

explain the sampling procedure employed.
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Temperatures of the snowmelt water were recorded when-samples were

©

2.5.3.1 Sﬁowpack diversion layer sampling

AZ homogeneous snowpack such as described in the Price et al.,
(1977).modgl for snowmeit in the subarc;ic near Schefferville was not
found in the Elizabeth Lake basin. Instead, stratigraphic layers‘
displayed a wide range of Aensities. This heterogeneity resulted in a
destruétive metamorphosis process in the snowpack of the open and closed
spruce plant communities. Although this will be discussed at some
length later in the -thesis, a short description 1s necessary in order to

5

X The melting pattern for a homogeneous snoﬁpack describgd by, Price
(1975) is obeyed within the surface stratigraphic layer, if the layer
Jbeneath 1t has a significantly greater-denéity. When the hydraulic head
increases (i.e., -the saturated layer Ilncreases in-depth), the water in

the saturated layer flows slowly downslope. When the dense snow layer

beneath the saturation layer'has deteriorated due, in part, to increas-
/ -

.ing ambient temperatures and to the heat from the meltwater in the

saturation 'layer, meltwater will begin to ‘percolate into the dense;
sgcondary layer. The proce-ss contlinues down thrwgﬁ‘ the snowpack,
depending on the densitles and porosities of the differen? layers com~
posing the pack. Sampling of this meltwater accumulating in the primary
layer w38caccomplisﬁed by inserting a glass funnel (pre~acid washed and
well ringed with distilled water) into the base of the saturated layer

and simultaneously directing the trickle of water into a sample bottle.

s Nk 1 e e e bt S g
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The saturated layer was tapped in this fashion until approximate1y 30Q

ml. of sample was collected.

2.5.3.2 Lake sampling

Elizabeth Lake was sampled f;Gé times, once prior to the melt

s -

period on-15 April 1980 and’ four pifés during the melt: 6 May 1980, 18

May 1980, 2 June 1980 ahd.}éﬂbne\1980. The last sampling was. the day

before the candled black ice cover wéé,broken up by strong winds. ’

¥

., - Eight sites on the lake -were chasen for sampling, selected sub-

jectively such that interaction between snowmelt runoff and the lake

4

water could be best examined (Figure 2—3). The major basins of. the lake
@ere represented as well as some sites closer to shore. »

I£ was hypothesized that during the spring melf, the assumption of
horizon;al‘coptinuity of chemical concentrations at common depqﬁé in a

lake in'this-portibn'of the .subarctic 1Is invalid. The common pracitice

of sampling a 1akg at one location usuéfly at the deepest spot ~— Jjusti-

fiably used by limnologists during stable periods of a dimictic lake\'s

»

. annual cycle.—— was abandoned in favour of a sampling procedure bette

oriented to the spatial interaction between snowmelt water and lake

D e
3 -

‘

water.

E)

' t

each sitebqt the°black‘ice,;akg water interface, 0.5.m, 1.0 m, i.o m and

at 1 m interéals.until either the bottom or 10’m was ‘reached., ‘Below

this depth, samples Qere taken at 12 m, 16 w and 22 m. ¢
Samples. for nutrigni analysis were stored in 1 L plastfc bettles,

. ® ) ’ T
and frozen at -15°C shortly after collection.

5

Lake water was colleetmi\with a 2 L Van Donn,wate; samplef frm%.

[PL T
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YSI telethermometer {model T 2475). Readings were taken at .the black
ice-lake water interface and at 2.0 cm intervals to a depth of 0.5 m,

then at 1.0 m and every 1 m thereafter to the sediment~lake water:

interface. ' ,
#

~

2.5-.%.2.1- Tr'?,nseﬂc"t lake survey
«\\;4 To evaluate the interac.ti;);{ between meltwater and J.akev'lat,_er in the
littoral zone, a series: of four holeg were dug through the ice in an
offsh.ore transect from the fo;:est: plg)t during peak runoff (1, é, 3

1

June) . The sites were located 3; 7, 20 and 30 m from shore. The depths

A '

at each site from the hydrostfftic water level to the sediment surface
were 0.85 m, 1.85 m, 3.80 m and 5.0 m respectively. The sites are shown
"in Figure 2~-3. Lake sampling sites G and H could be tied into this
transect to illustrate chemical variation in the lake from a shallow

site.

2.5.3.2.2 - Deuterium/hydrogen sampling

Samples for deuterium/hydrogen (D/H) analysis were collected . from
the top 2.0 m of lake water using a stralght 2.50 m x 10 cm (diameter)
copuperl pipe attached to a pine board measuring 30 cm x 5 ecm x 2.43 m.
To take'a: sample ;:he top end of the tube was sealed creating an
airllock.' The sampler was then‘ lowered. through the {ce hole to the

desired de,pth,-‘@he airlock then removed and- the samplér filled wit

water from depth. The top end of the sampler was then resealed, the|.

sampler withdrawn from the lake' and the contents emptied into 20 ml \

+

Water temperatures were taken at .each. site using a 'precalibrat_éd ‘

I
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glass scintillation vials with plastic seals to prevent evaporation.

From depéhs greater than 2.0 m, samples for D/H anélysis were taken with

the- Van Dorn water sampler. Samples were stored-at room temperature

ugtil éqalysis. ' . \

A\
\

On each sampling date water for D/H and major catlion analysis was

extracted from -each site. Conduétivity of each sampié.was read and pH -

of éelec;ed sampleé was taken. Samples were taken from the black ice-

lake water interface, .05 m, .10 m; .25 m and down in increments of .25
B} - , .
m until either the sediment or the 2.0 m depth was reached. The.copper

pipe described above was—used to, gather sample’ for D/H and major cation

taken at 1.0 w intervals to the lake sediment usfng a Van Dorn sampler.

2,5.7.3 Surface inflows and outflows during snowmelt

During snowmelt, one perennial, two intermittent and’ numerous

ephemeral streams drain inﬁo-Elizabeth Lake. The lake is drained on the

' surface by a single perennial outflow. Groundwater movement was not
t

iﬁves;igated; Rigler (Pers., Comm. 1980) reported that water balances
calculated for flizabeth Lake during the summ;r months indicates ground-
yater flow‘does exist but‘;epresents a very small portion of the annual
hydrological budget. Calculation of ;he residual term in thg hydrologi-
cal budget can be Aone in the summer with error recognizable in the
evépotransﬁiration and evaporation ter;s of the hydrological equatisn;

‘during snowmelt however, the error involved in estimation of the daily

influx-to the lake of snowmelt water may offset or negat®any attempt to

v

.

. analysis. Below 2.0 m at the 20 and 30 m offshore siteﬁ, samples were
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. estimate grbundwa‘ter ‘contribution to the water balance of\\q}j‘.zabeth
» ‘ ‘l‘ /r“

s . .
b )

Lake. . S .

QSGredm discharge from Elizabeth Lake, was medsured on 14 occaaiops.

:during the springmelt: 1, 2, 3, 10, 14, 19, 20, 24,-30, 31 May and 3; 4,
< 5, 7 June 1980. Measurements supplied by Rigler and Barr (unpublished
data 1979-1980) indicate pre-melt §1écharge levéls, for comparison with
snowmelt runoff 1evels. Diséhafge was meésufed along a portion of th;
stream which had well ‘defined’ banks, using a dye dilution) techq}que
described by Church and Kellerhals (1974)\ Prior to addijg the dye to

\ /
the stream, four samples were taken, one for chemical analysis a?d three

" for background optical density readings. Stteamﬂtemperature,é;s &QFen
_;sing. a -prgcalibrated thermister; The samp;ing station was located
apéroximately 15 m downstream from the dye soﬁrce, to ensure that the
dye was well mixed in the stream. Samples downstream w;re collected in

prewashed 200 ml plastic bottles every 45 seconds. Op:;;;a densities of

all samples were determined in the lgboratéry in Schefferville using a

%
' . "

Bausch and Lomb 100 spectrophotometer at 566.5 nm. The following -

- b

equation was used to determine the discharge:

o

Dye optical densify x pump rate _ . 3.min-!

Stream ‘discharge =
. stream optical density

where: Stream optical density -:optical'density of dyed stream

“water - optical density of background sample.

£y,

o 5 w5 < maem o
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2 5.3.3. .1 Inflowing meltwater to Elizabeth Lake

\. [EN

The Elizabeth Lake terrestrial catchment was divided into two areas'

aof’snowmelt water discharge: 1) the primary contPibuting area, where

L
g

/

A
the meltwater reaches the lake direétly by overland flow or via stream-
flow and 2) the secondary drainage areas where the meltwater is ponded

and reaches the lake only by groundwater seepage. The hydraulic con-

ductivity of the bedrock is not known but 1s assumed to be slow enough’

that the water would not contribute significantly to the lake during the
study period.
The .methods' involved in calculating the iInflow from the one

perennial and two intermittent streams is discussed in detail in Chapter

3. A calculation derived from the hydrological "data of the meltwater

-

runoff plots is also presented to account for the daily contribution of

overland flow directly to the lake.

\

+ 2.6 Laboratory analysis

All water samples wete stored in freezers at -15°C in Schefferville
until such time as the analysis c0u1d- begin. When -phosphorus (P)

analysis began the samples were thawed, aliquots of 200 ml and two, 22

ml samples were taken for aitrogen (N), major cation analysis and con-

[

" ductivity, respectively.':The N samples were refrozen 1in prewashed 250

B

nl nalgene bottles. A drop of HCl was added to each plastic scintilla-
tion vial containing the sample for ma jor cation analysis and refriger-
ated at 4°C until analysis could be performed.

Snow samples were melted at room temperature (gpproximately 20°C)

in the plastic bags in which they were sampled and funneled into ére-

r i o

Pt ¥
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washed 1 L plastic sample bottles, from which aliquots were drawn for N,
ﬁajor cation and conductivity anmalysis. The remaining sample was used

3

for P analysis.

?.6.1 Phosphorus analysis

It has been recognized that freezing would. likely increase the
phosphoruél(P) concentrations in samples from the upper few‘metFes of
the‘iake as the planktonic organisms would rupture upon fregzing; This
recognition was born out in the two samples taken to cﬂeck this. .On i

May the samples taﬁen.from ‘the surface and 4 m at éitg E (Figure 2-2)

wvere split into two sample bottles. One bottle - from each depth was |

frozen at ~15° and the other was refrigerated at -4°C. With;n 24 hours

the samples were‘ analyzed for TP {total phosphorus) and TDP "éfotal
dissolved phasphorus). The TDP 65 the frozen sample-incpeased'by 5% for
the surface sample .and approximately 2% in the 4 m sample, Triplicate

exéracted from each sample’ to detérmine replicability of

the method of analysis as it was assumed P concentration in each

subsample would be equal.

Similar tests on samples t;ken at earlier dates were not done
because phosphorus analysis could not be conducted until after 7 J;ne.
Samplei could have been stored in the refrigerator ;t 4% ;rdm other,
sampling dates and analyzed at a later éate, however, it was felt that
the 1?cubqtion' éime -in the reffigera;gr would have had ;unn;turai'

effects on the sample and the P concentrations would have. been

unrepresentative.

—-——
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Table 2-2. Increase in total dissolved
phosphorus* concentrations due
to freezing lake water samples.

) . X TP & TDP
surface refrigerated .6.60 2.12

frozen 6,56 - .2.20
4 m refrigerated ’ 16.03 '7.59 ,

frozen . 15.93. 7.74

*A1l values in ug L1

Phosphorus analysis on all wdter ar;d snoﬁ samples was conducted " at
the McGill Subarctic ﬁesearch Station. All snow, meltwater, streamwater
and seiected lake samples for P,fnalyslis were split into two. Half .of:
the sample was filtere"d\through prewashed .45 um millipore filters for
TDP analysis. The remaining -unfiltered portion was{use;i for TP
anélysis.‘ De-jonized water ‘;as filtered through pr‘ew\a.;\hed‘«mi‘llipore
filters to determine potential P contaminatio.n resuiting frbm'this‘
source. Golterman (1970) recommends this‘ method for initially reducing
the contamination caused by the membrane filter and secondl’y determining
a correct:.tr;n factor which can be -applied to otﬁer sam‘}')les. Three
filters per rum were’tested; there was little .variaj:ion from the P con-
centraL:ion of the blanks. The error in the P analysis never exceeded(

2%; this figure is based on triplicate standard results.

The persulfate digestion technique follows the fmethod of Strickland

‘and Parsons -(1974), further modified by Rigler (Prepas and Rigler

198'2') . Phosphorus was analyzed on a Bausch and TLomb 100 spectro-
“ " ; Y"\
photometer at 885 nm using a 10 cm path length glass cell., . )‘J



apr:ocedure is outlinéfq {n Perkin Elmet (1976) .

2.6.2 Major cation aﬁalysig . . .

All major cation anélyses were ‘conducted on unfiltered samples in

Montredl. A Perkin Elmer atomic absorption spectrophotometer was used -

)

"to d‘etermin‘e specific concentrations of Cq.z"', M32+, kKt and Nat. The-

vt
3

'

2.6.3 Ammonia analysis ‘ . . L,

Analysis of ammonia follows the manual method lfgund in Stainton et

al. (1977). Unfiltered samples were read _on a “Bausch and Lon}f) 70

spectrophotometer at 640 nm.

2.6.4 Nitrate and Nitrite analysis

‘

For NO3~N and NOs-N a.nalys'isj, the manual method described by
Stainton 55_'5_];’. (1977) was followed. The reduction efficlency of the
cupric sulphate treated cadmium columns was frequently che%ked using the
standar.:ds. Efficiency of the columns never fell below 98% during the
period of analysis.\ A Bausch and Lomb 70 spectrophotometer at 543 ;1m

was used to determine absorbance of the treated samples using a 1.0 cm

cuvette.

2.6.5 Conductivity o ' .

Conductivity on all water sgsamplesg cdlle‘cted in the fielé - was\

’gneasured at the McGill Subarctic Research Station. Samples were slowly

\

warmed to 25°C In a water bath before reading. The meter, a Markson .

electromark analyzer was zeroed with distilled, de-ionized water at

25°C. .

’




2.6.6 -p_H /-,‘

pH measurements were mostly made at the McGlll Subarctic Research
Station .as soon as possible after sampling. When transportation of
samples back to the lab was impossible pH measurements were read in a

cabin at Elizabeth Lake. A Fisher (model 210) pH meter was used, with

- L

4.01 and 6.0 pH buffers. While the measﬁrement was taken, the sample

v

was continuously stirred with magnetic stirrer. The temperature of the
sample when measured for pH was that (or would soon be in the- case of

snow) of the environment. ' The temperature of snowmelt water was 2°C

v
v
>

when the pH was read. ot

- t

2.6.7 ' Deuterium/Hydrogen analysis :

o ’

’

: Analysis of 'D/H samples was done at;_-Lamont-DoherEy Ceo,{log}_cal

4

Observatory, Pallsades, New “-York. Water samples were cdhverted
N - &

3

quantitatively to hydrogen gas using a uranium furnace at 700°C. The

ratio of DH to Hp was measured on a 3 inch Nuclide mass spectrometer
. ' |

with dual collectors. Samples are reported relative to SMOW (Standard’

mean ocean water, Copenhagen) in per mil as follows:

¢

' * (D/H) sample -~ (D/H) SMOW
0/00 = X 1000
(D/H) SMOW

N
RN
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CHAPTER 3,

SNOWMELT RUNOFF HYDROLOGY ,

»

3.1 Iﬁtroductiog
This chapter will examine the hydrological components of the study,

+, such as the formation of the snowpack, the physical characteristics of

the snowpack at peak snowyear, the effect of snow stratigraphy on snow-

melt 'runofuf and predicted impacts of the diversion of substantial quar{-‘—

s °

- titiles ogAsnowmelt runoff downslope prior tc reaching the snowpack

h base. As well, this chapter examines the areal distribution of concrete

-

.frost and "freeze-dried” frozen soil; the occurrencs of "concrete”

]

frozen soil is assoclated with extremely low rates of peltwater infil--

[

i
¢

By assessing the hydrological input to the lake durikng springmelt

o

it 1s possible to calculate nutrient mass balances and thus assess "the

importance of snowmelt runoff in' the nutrient cycling of the terrestrial

and aquatic components of the catchment.
This chapter also defines the four subbasins within the Elizabéth

Lake basin wherein discharging springmelt water is either measured or

~

"calculated. The means of measuring the discharge from these four areas

is discussed. A hydrological calculation incorporating the daily runoff

is formulated to compute the daily addition of snowmelt water runoff to
'the lake from theé large portion of the terrestrial catchment drailning
dire;:tly into the lake via overland flow. The end result of this
’éhapter is a hydrological budget on a day to day basis of water movement

«

in the entire Elizabeth Lake catchment..

L uagleesd 7 .
3
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3'.2 The snowpack o

The mean monthly snowfall for the snowyears 1955-56 to 1979-80
‘recor;led at t:he‘ McG11l Station at’ Sci\efferville i{s 1llustrated i:n Flgure

3-1." The snowfall for the 1979-80 snowyear is included for comparison.

M

With the exception of January and May the monthly recorded snowfall is
within one standard deviation of the mean value. Duriﬁg .ianuary and
;May, the recorded snowfall-‘ significantly exceeded the mean monthly
recorded values. : :

Snow surveys were cafried out at.peak snowyear such tha.t both> an
accurate estimate of ‘t’he. snpwpack water equivalence and snowpack chem-
istry could be made prior to the onset of spring melt. Acctirac‘y in
t,h'gse‘e'stimates before the snowpack becomes ripe is important for later
formulating ;ccurate‘; and meaningful hydrological and chemical mass bal-
ances between 1) the snowpack and the resulting terrestrial runoff and
2) betz;re]en the snowmelt water draining Iinto the lake and lake discharge.

Peak snowyeér i;; defined as the time in the year when the maximum
amount of snowfall has accumulated. According to the weather records
and snow cover data recorded by-the McGill Subarctic Research Station in
Schefferville, peak snow year occurs between early and mid-April.
Recorded temperature differences between Elizabeth Lake and the McGill

~Station in Schefferville indicate" a cooler climate at the study site.
Table 3-1 illustrates the /di.(fgre‘nces in recorded temperature between
the Elizabeth Lake basin and the McGill Station. It sﬁOufd be noted
that the thermometer used at Elizabeth Lake was not a maximum-minimum

thermometer and was not housed in a Stephenson screen, but rather hung

in the shade on the branch of a spruce tree approximately 2.0 m above

| .
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figure 3-1: Snowfall recorded at the McGill Subarctic
. Research Station for the snowyears: 1955756

to 1979-80 (inclusive)
Legend: mean valuej 1 1 standard deviation
' a recorded value for 197?—80 snowyear
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Table 3-1. Maximum daily
 Schefferville and Elizabeth Lake.

tem‘per atures recorded at

Daily maximum

Schefferville

Elxrzabeth Lake

February ‘

10 -16.4 °C -17.8 °C
11 -16.6 °C -18:9 °C
12 -15.0 °C -14.5 °C
13 -17.0 °C -19,2 °C
14 -12.8 °C -14.5 °C
15 -16.8 °C -16.5 °C
17 -18.2 °C . -21.0 °c
18 > <14.0 °C- <175 °C
19 -11.5 °C . -14,3.°C

3 A
March -
L
\‘\.1 -20.8 °C -23.8 °C

o -17.4 °C * -19,9 °C
4 -14.6 °C -14,3 °C
.9 & _19.6 °C -22.0 °C
8 =232 °C -26,1 °C
10. -13.0 °c -17.1 °C
1" -1.9 °c -5.0 °C
May .

1 8.4 °C 6,2 °C
2 13,7 °C 10.1 °C
3 2.1 °C 2.0 °c
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recorded range, just prior to mid-April.
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the snowpack surface. What was assumed to be the daily maximum tempera-

ture t;ras recoréed shortly after the sun was at 1its zenith. These
recorded temperatures indicate that the Elizabeth Lake site 1s cooler by
approximately 2°C. Th;.‘ more elevated location of Elizabéth Lake (693.5
m.a.8.1. as opposed to the McGill' Station's 503.0 m.a.s.1l.) may pai‘tial—
ly explain the cooler climate as the dry.adiabatic¢ lapse rate i1s 1°C per
160 m. Observation of the latter stages of the 1979 spring melt both z;t
Schefférvil‘le and Elizabeth Lake help‘confirm this. ©Portions of the
snowpack at Elizabeth i‘.‘ake in exposed sites remained weeks after the
*Schefferville snowpack melted. Ar

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

/

3.2.1 Snowpack sdrveys .

Two separate snowpack surveys were clonducted between 4 and 10 April
1980, The first (4-8 April) involved evaluating the depth, density,
water equiyaience, ice crystal size a;d temperatures ‘of the different
stra?l’gra\)phic layers comprising the snowpack. At this time sapples were
taken from designatz;d gtratigraphic 1ayersl for ¢hemical analysis. :rhe
second survey (9,10 April) was “undertaken to evaluate, as accurately as
possible, the water equivalence of the snowpack“ on the terrestrial
portion of the catchment. This was accomplished i>y taking integrated

snowpack samples from the surface to the bq\se of the snowpack using a

~Mount Rose Snow Tube. These surveys aided in determining how represent-

- ative the runoff plot snowpack was in relation to the snowpack of the

€

plant community in which eaéh was located, . .



- = 68 -

3.2.1.1 Snowpack water equi\'ralence ) : .

3.2.1.1.1 Contribution of water to the snowpack from ground

»

. ¢ vegetation, mor and soil
A recent study of the transfer of water from moss to the overlying

snowpack via vapour transport 1s discussed by Santeford (1978). It 1is

reported that In the Alaskan interlor this process is_ responsible for -

&

4 .
between 25 and 307 of the snowpack's water equivalence at peak snowyear
(15. April). The calculated contribution is approxinmately 3 cm of stand-
ing water. The consequences for 'hydrological calculations were dis-

~cussed by the author. There are several points worth mentioning.

During spring melt the dehydrated moss layer will reabsorb as much water

a

as was lost by vapour transport flux into the snowpack. Hence, stream

‘réspoase to the onset of melt will be dela);ed until the water deficit of

the moss is satisfied. This has not only repercussions in terms of.

~ formulating water budgets, but.is poéentially im;;ortant for those study-
ing the chemical interaction of snowpack meltwater with the underlying
vegetation and soil. )

Santeford (1978) mentions the problem of depending upon snow course
data for an accurate .estimate of atmospherlc—-derived snowpack water
equivalence in plantu communities where bryophyte; constitute a signifi-
cant portion of the ground” cover, aqnd there exists a sufficlient temper-
ature gradient from the ground to the snow surface to promote vapour
flux.

3
For these reasons the water content of ground vegetation, mor and

upper soll were measured at 35 gelected sites on the Elizabeth(/ Lake

catchn;ent .



ab

-~ 89 -

. N N
t ’

"The results of this sui‘vey are presented in appendix B. ‘A t-test

‘(Fréund, 1972)' wag employed to determine if the water ‘conte,n'f change in

ground vegetation, mor and soil from November to March was statistically

<

significant. The d'ifferences in ground veget;atior} and mor we;ter content
,ixn the“threé plant comnunities aré\alI' statistically significant At. tl';e'
992 confidence interval; Soil wai:er content change.s'regyistered in this
period of time are séatistically :l-nsignif’icat;t:q ‘

MIn all three pla'nt ;ommunities, the wate;' content "of the ground

vegetation and underlying mor decreased from the initial s;ampling to the

second. This decrease, on average, for both organic layers 1is remark-

ably censistents For ground vegetation there ié .a loss of 10.4, 11.4°

and -10.37 of the water content 1in the tundra, woodland and forest™ -

respectively. Very similar losses are recorded from the mor; in the

same order of plant community association these losses were 10.4, 10.9

and 11.1%.

Calculations of the amount of water potentially contributed. from

. the ground vegetation and mor to the snowpack during the wintér 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-

une of water present in the original (November) samples. 1In this man-

er, “the percentage. of water lost from the original samples can be cél—

v,‘
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snowpack using the March water ' content (expressed as volume) it is

assumed the volume of water remaining in the ground vegetation and mor

v

i3 equal to the percentage of the original water volume remaining after

vapour ' flux. 1f, for example, the change in water content of ground:

vegetation in the woodland 1s 10.0%Z and the March water content was 205’0

1

L m"z, this’ volume 1is equal to 90%Z of the original sample. A simple

calculation determines the initial water content.

o

If it .is assumed that 511 of the water lost from the ground vegeta-

3
o

tion and mor migrates upwards into the snowpack by wvapour transport as

Y

described by Santeford ('1978), the total volume added to the snowpack

would be as follows (the first value based onsthe November water vol-
umes; the second based ';m t\he March volumes); tundra: approximately
.05-‘.‘07‘ cm," woodland:  approximately .05-.08 cm, forest: approximately
«05~.06 cm. These figures represent extremely small fractions ;3f the
total water equivalences found in the snowpack in the respective pvlan't
commuhities; tun'dra: approximately 0.42%, woodland: agproximately 0:13%
and forest: approximately 0.14%. Thése values ;re significantly differ—

ent from the values reported by Santeford (1978). [Underestimations of

the water content of ground vegetatidn and mor 'are possible and should

not be discounted, however the difference between the Alaskan data

( 3.00 cm vapour flux from ground surface) and the Elizabeth Lake data

{ .06 cm) s;lggeSt:s that the physical and climatic differences between

‘the black spruce-moss plant community of the Alaskan Interior and the

plant communities of the Labrador interior are responsible. Black

spruce communities usually inhabit poorly -drainmed sites. This,

“accompanied by tt\iéwfact that this portion of Alaska has high precipita-

Gy

[
\'gér.f‘
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tion just prior to the formation of the annual snowpack, means that the

bryo‘phytes inhabiting these sites may have a higher water content than

Elizabeth Lake ground veéetation where slopes less than 8.0% are rare. .

.The Labrador snowpack is much deeper than the snowpack ‘reported at the

Alaskan site (Sante‘ford, 1978); this increased insulation may also

. | -
account for a decreased vapour flux into the Labrador snowpack.

7

!

3.2.1.1.2 WVater equivalence snow survey

. A comprehensive snow survey of the Elizabeth Lake terrestrial énow—_

. pack was undertaken on 9 and 10 April 1980.

Table 3-2 ‘illustrates the estimate of standing water on the ter-

restrial catchment at peak snowyear within each plai'nt community:  Thé

talus slopes and disturbed (roads) areas are included as well. At péak

i

snow year the mean snow depth (water equivalent) on the ‘terrestrial

3

portion of the Elizabeth Lake catchment was 34.2 cm.

J]

The runoff enclosures were sampled for standing water at peak snow-

At 5.0 m Intervals, duplicate Mt. Rose snow tube samples were

'

In Table 3;3 the depthy density and water equivalence of the

year. .
taken.
runoff enclosures are compared with the snowpack results of the plant

T-tests were performed on the snowpack char-

community they represent.
acteristics of the runoff plots and the corresponding plant community
‘data to determine if significant differences exist. 1In all cases -there

were no significant differences (at the 957 C.I.); therefore it 1is

assumed that the plots are representative of the sngwpack within the
, /

!

corresponding plant community. ' /

St gt - T I TR e § S Epars

L7 Tk LR

S RN tnaat

T



e e AR e

esemipalle.

- 72

N

Teble 3-2, Estimate of atanding“water at peak snowyear
for each plant conmunity on the terrestrial

catchment.

Water equivalence

Plant community (m> x 103) %
Foresgt . 125.1 23.7
. - .
- <
Wood1and 283.9 53,8
Tundra 82.4 15.6
Bog 2.4 " 0.5
- S 2R
“ Talus 16.1 3.0
Dist urbed 18.2 3.4
- ‘ Total . T 5281 100

-

Table 3-3. Comparison of snow characteristics for runoff plots and average of plant

e e -

community.
) Cammunity Runoff plot
; X, n X n
forest: water equivalence (cm) 46.86 13.01 105 40,82 6.53 12
density (g/cm’) 0.25 0.02 105 0.27 0.003 12
depth (cm) 187 -- 105 150 -- 12
woadland: ‘water equivalence (cm) 49,98 21,86 160 37.19 8:5 -12°
denarty (g/cn®) 0.29 0.06 160 0.28 0.09 12
depth {cm) 170.5 -- 160 147.8 -- 12
tdndra: water equivalence (cm) 15.26 13.03 39 11.03 3.48 12
density (g/cm’) - - 39 - - 12
depth (cm) - - 39 - - 12
Q
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3‘2 1.2" Snow stratigraphy

Figure 3~2 1llustrates examples of snowpack stratig;aphy in the

three plant communities. Though variation does exist within the strati-

graphic pattern of each plant community snowpack these three examples

-73 - - ) ) : g

are representative of such stratigrapﬁy. In the woodland, forest and .

tundra snowpacks, ‘a total of 45 snowpits were excavated: 29 in the

' woodland 10 in the forest and 6 in the tundra.'

A student t-test (Freund 1972) was used to determine if there. are

slgnificant differences in depth, density and water equivalence in the

2

tundra, forest and woodland snowpdcks as represented by ™ the snowpit

sites. Although the statistics 1listed in Table 3-3 show differences

s

between woodland and forest for snowpackldepth and water equivalence,
these differences are not considered significant' at the 95% confidence
lntervélw(CI) t-statistic. Snow depth was the only pérameter signifi-
eantly different between the woodland and forest, at only the .10 level.

’The tundra snowpeck showed significantk differences between the
forest (1esa depth and water ‘equivalence at 99% CI, less, density at 952

CI) and the woodland (less depth and water equivalence at 997 CI and 987

CI levels respectively and less dense at 907 CI level).

A
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" Figure 3-2: Examples of

« g.:‘

.the tundra,
Lake catchment, Labrador.

/

/

/

/
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owpack stratigraphy in the

odland and forest, Elizabéeth
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3.2.‘1.2.1 Snowpack stratigraphy and implications for snow

1

meltwater chemistry.

I‘}uri’ngl the first few days of snowmelt in the woodland and forest

plant communities in the Elizabeth Lake basin the density differences

4
'

existing among the. stratigraphic layers played a significant role in

,determinir'xg the route of snowmelt water downslope. Vertical unsaturated

melt occurs in the ‘u-pper layers of ghe snowpa'ck _unt'il a more dense laxer
i'é met ‘and the résipt_gnce created by this denser layer results in
accumglat‘iéh of\meltwater/a.bovg the denser layer. Once the vertical
flow has been impec.led, dovmglope flow (horizont:a‘l saturated flow)
oceurs. 3

Although the downslope flow rate within’ this satyrated layer could
not be meaz;ured in situ, the thic'kneés of tﬁi saturated layer at cergain
intervals along the slope was measured along a 100 m 12° slope 1n the
forest community. Me;surements wvere taken at different intervals during

y

the time perilod wtl?‘n tlhisﬂgrocess was evident. The downslope depth of
the saturated layerﬁ;a.xg stgnificantly greater ( 8-12 cm) than the up—~
slope depth measurement { 1—2 cm near the top) thus indicating downslope
movement, It 13 estimated from the runoff enclosures in both the wood-
land and forest plots that the volume of water \discharging from the
snowpack during this period of time (1i10 May) 1s 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 all of the water
discharging from the pack originated from the upper part where vertical
flow was diverted by a denser‘ snow layer. ‘Although this volume. has
little hydrological significance it can have major chemical signifi-

v

J
cance. /
(

4

i
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Unt:i‘l 14 May most ‘of the meltwater was diverted downsiope by layets
of rélatively dense snow. In the forest between 10 and 14 May a snow~
nelt pgttern very similar to that descpibeci By Colbeck (1977) develops.
The free water begins to percoiate through the previous (apparently);

impervious snowlayers. The free water continues to percolate vertically

S

until an as’ yet undisturbed dense snowlayer impedes infiltration. ‘On'ce

) #

again the flow 1s diverted downs}ppe. This process appeéred to dominate

the snowmelt runoff pattern in the close spruce until 14 May when a

i

" noticeable saturated layer beggn forming at base  of the snowpack Iindi-

cating vertical- flow through the - pack was domlnating over horizontal -

displacement by dense stratigraphic layers.

From the 2 to 12 May, dense snowlayers in the woodland snowpack
caused a runoff pattern similar to that described in th’é.‘_ .forest: between
1 and 14 May. As 1in the forest, this runoff pattern 1is assumed to
include the entire‘plantb community. Spot checks at different locations

within the woodland confirmed this. The stratigraphy data confirm the

widespread occurrence of dense snow layers’ {n the woodland snowpack.

¥
1

This melt pattern described ab;)ve for the woodland and forest spowpacké
was observed only at a few sites in the tundra, thus it is a:e,éumed to be
relatively insignificant especlally sincé most .of the Jtundra snowpack\
melted in the space of a week. ) V’
Researchers have previously describe;i the subarctic snowpack in the
Schefferville region as homo"geneous (Price 1975; Fitzgibbon 1977). 1In
such a snowpack, snowmelt runoff occurs 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

_—
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runoff from sub-basins in the Schefferville region by Price (1975) ’
implements the assumptions of vertical unsaturated flow and horizontal
'sat;urated flow. Aslde fr<;m a few minor deviations from the actual
h‘ydrograph of snowmelt water discharging from gauged sub-basins, Price_'s

. predicted hydrograph reflected the actual hydrograph quite accuratély.
Alt}xough this model 1s quite wuseful for hydrograph prediction, the
assumptinon. of homogenelty within the snowpack may be misleading to those
interested in evaluating the chemical interaction between the melting
snow and t;hf_/terrestrial portion of ‘the catchment, over which it is
‘flowing. The 1importance of this lateral flow‘ ‘will be examined in
Chapter 4.

i

3.3 Snowmelt runoff plots

‘

Three qf the five runoff plots, one in each of the plant communi-

.ties, performed as expected. One woodland plot beg/ar; discharging late

in the melt period. The volume of recorded runoff amounted to less than

'1079 of the expected volume. Runoff 'was 'not recorde§ in one of the

forest plots. As sublimation of a significant portion of t:;e snowpack

would net imave been possible (later in this sec;:'ion) it is strongly sus-

pected that the wunaccounted for water infiltrated inlto‘kt'ne ground.

" Though this .is probably true for the forest runoff plot’, it is question-
able for the woodland runoff plot, as the plotJ began discha-x'ging melt-

water late in téhe melt period. EXpianations f;)r the pattern of dis-

charge in the woodland plant community runoff plot are difficult. One

N ~

explanation attributes this tg the partial area overland flow process.

If the soil was frozen in honeycomb fashion as described by Price and

v

2a
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Hendrie (1983) or porous concrete as reported by Stoeckeler 4nd Weitz-

mann (1960) meitwat:er would easily infiltrate the soil. Raising: of the

* water table to a point\ on the slope within the runoff plot prior to the

disappearance of the snowpack would result in partial area ovefland
flow. A second explanation umay attril;ute the late discharge in t:‘he
woodland plot to Hortonlan flow. The discharge corresponds to peak dis-
;:harge in the woodland runoff plot which recordedL meltwater 'discharge
throughout the melt ‘period. It 1s possible that the infiltration cap-
acity ;t ‘this time of peak discharge was exceeded and discharge through

’

the welrbox occurred. This explanation seems more plausible than that

‘of saturated overlaﬁd flow as the base of the runoff plot in question 1s

located approximately 4 metres above thsi valley floor.. It 1is thought
the water Izequired to fill void spaces within this mass of soil and till
would be in excess of the water stored in the snowpack, especially con-
sidering that the water would be discharging, al'beit at a slower;rate
than the input rate, downslope. As well, seeypage from the ground dc;wn-
slope of the runoff plot did not occur during the melt period. This
would be expected 1f partial area overland flow was occurring.
Excavation of snowpits in close proximity }:o the two runoff plots
which failed to produce discharge or substantial discharge revealed what

-

appeared to be Impervious concrete frost. At these sites overland flow

¢

was evident. Straub (1950) reported the occurrence of cracks 1in con=-

t ”

crete frost caused by periods of intense freezing. . The cracks increase

infi}tration rates in the spring (Straub, 1950). As the ground surface

outside of, but close to the runoff plots)had the appearance of

'
d
N
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impervious cohc:ete frost, it is assumed the ground surface within the
plot was “frozen in similar manner. It 1s thought that infiltration
during the melt perifod 1is a product of thermal cracking of the concrete,
frost. : e

An additioria} flactor whi_;qgt should be considered is that the two
plots whi’gﬂh}' essent‘ially failed to produce runoff were the last to be
. Construct%on ;:ras compl/eted a week prior to the initiation

4
of the annual showpack. At this time the surface of the soil had begun

construc Q[e

to freeze. It 1s possible that the trench within which the enclosure

walls we;lre placed drained a portion of the plots as the texture of the

i
soils ma?f% it impossible to seal the inside wall of the enclosure’ fence

= - .

as effectively as was the case with the three enclosures which were con-

structed during late summer.

The questlon arises, how representative of the basin were.the plots

v

that functioned as expected? TField observations attested td the fact

that overland flow was very v"idespread. Section 3.4.5 examines the .

relationship between the daily input to the lake and the corresponding

1

~discharge plus daily change in lake storage. Had infiltration of melt-

water been widespread, th rélationship would not have been as close as

it 1is. As:’xming Fhat infiitratio;l had been widespread there would have

been a significant hysteresis as the hydraulic conductivity of the, sub-

surface ?low would be reduced from that of the overland flow. In

Canadian Shield soil-unconsolidated till, the hydraulic conductivity of
AN

upper subsurface sediment 1s approximately 3 x 1073 cn sec”! ('Beaty,

Pers. Comm. 1983; (Craig, Pers. Comm. 1984). If the hydraulic conduc-

tivit}; in the wupper soil-till is even an order of magnitude greater
1

G
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than the reported Canadian Shield wvalues, the infiltrated meltwater
would travel approximately 26 m day‘l. As the average measured slope
length within the primary meltwater runoff contributing area 1s approxi-
mately 125 m, a maximum deiay of several days (4.8) would occur between
infiltration and seepage %nto the lake. The hydraulic conductivity
gauged within the runoff plots averages approximately 6 m hr~1 (section
3.4.4) or 144 m day~l; till conductivity = 2.6 m day'l. A hysteresis
would be evident and attributablg to the hydraulic conductivity of over-
land flow. If significant iInfiltration had occurred, the hysteresis
would be significantly more pronoucned then it was. ’

The discussion below will referlonly,to the runoff plotg which per-
formed as expected.

The efficiency of the plots was—zgiculated by comparing the gsti-
mat;d water equivalence of the plots with the volume of water discharg-
ing during the melt period. he snow which fell after 10 April until
each plot was drained of snoﬁzélt water was extrapolated from the Nipher
gauge data recorded at thei Mcéill \SEation 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 em to the forest plot.

Sampling of the runoff ‘plots was abandoned once the discﬁarge’was

reduced to a trickle and approximately 90% of the ground cover was ‘bare ~

of snow. Periods of discharge measurement wepe 26 April - 3 May in the
tundra, 2 May-6 June in the woodland and 2 May - 11 June in the forest.
The calculated volumes of snow (water equivalent), édditional precipita-

tion falling after the peak snowyear measurements, and corresponding
Lot

plot discharges are poted in Table 3-4. The efficiencles are 1isted%in

of
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Table 3-4: Snowmelt runoff plot water equivalence data 1llustrating the
i total estimated water equivalence 1n the plots at peak snow-
year and accounting for the additional precipitastion after
peak snowyear,

¢ Tundra Woodland forest
total water )
equivalence (n’) 11.03 37.19 40.82

. estimated water L
equivalence of plot at
pesk snowyear (m>) 8.13 25.52 30,34
rati1o for water
equivalence valyes’ *1.00 2,45 1.89
precipitation added to
plot after peak .
snowyear*  (m?) 1.80 6.28 6.40
’ total discharge from .

plot (m3) © B.83 29.88 35.44 °

discharge as a percent
of plot water equivalence

at peak snow year 108.61: - 117.08 116.81
‘ I ‘

discharge as a percent { A

of plot water equivalence . *

> with nipher data added . -88.92 . 93.9 96.46 |-

*this was derived from the nipher gauge data at the McG1ill Subarctic
Research Station,

There were 12 sampling points within each runaff plot for evaluation
of snow water equivalence. )

e

“
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two ways; the first 1Is the percentage the discharge represents 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~
Y « o

crepancies between the calculated water content of the plots and the
” \ -

1
o

spring discharges can be attributable to several factors, some or all zpf/

which may be important. There is errc;r attached to the initial estima-
éion of v;ater equivalence within the runoff plots. Extrapolation from
the Nipher gauge data recorded in Schefferville to the Ellzabeth Lake
basin is undoubtedly a source of error. ) N 1

F Although much effort was spent shoring up the walls of the “ti‘un"of‘f
plots, leakage cannot be discounted. Minor leakage along the downs?.ope
end of the woodland plot was observed only \near the end of the melt
period. Loss at this time was kept to a minimum as the structure ;was
reinforced and leakage stopped. Sublimation can be eliminated because
it requires between 2826 and 2847 KJ kg"'1 of water (Raudklivi, 1979) and
the radiant input to the Elizabeth Lake snowpack 1s but a fraction of
this. Evaporation will‘accomt for some loss, but because of the low
,daily temperatures wou}d not amouynt to any significant volume.

The seasonal . discharge hydrograph for the three runoff plots are
shown in Figure 3-3. From observation, the hydrograph for éhe tundra
plot reflected‘th; way in which a very lgrge portion of the tundra snow-
pack melted. Price (1975)- reported a very short, intense tundra melt in
‘thé Schefferville region. ~ Both the woodlar;d and forest melt patterns

are very similar to one another: bimodal hydrographs, the peaks centred

on 18 May and 31 May.

P

“
"

“«

+
\

°
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Discharge
(m3)

~
I - - T Figure 3-3: Meltwater runoff plot discharge for tundra,
woodland and forest.
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Although the melt period extends 1in the woodland from 2 May to 5
June, approximately 85% of the snowmelt water discharges during these 2 °
intense periods of melt extending 11 days in total. Similarly, the
forest plot melt lasting from 2 May to 11 Jgne dis;harges 747 of 1its

\ .
snownelt water within \5 12 day perlod.

Daily melt hydrog%aphs show a distinct pattern. During the initial
melt period, peak discharge occurs between 4 and 7 hours after lthe maxi-
mum daily temperature. This delay is 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 contributing areas

3.4.1 Introduction ~

This section will identify the four hydrologic areas contribu’ting

o

snowmelt water to Elizafaeth Lake during the melt period. The method by

which discharge was calculated/measured {s examined. For the large area

contributing meltwater, diré‘ctly to the lake via overland ‘flow, a calcu~
lation 1s employed to generate meltwater flow into the lake. This equa-
tion is based on the daily hydrographs produced in each of the runoff

plots.. , The relationshib between measured lake discharge and lake stage

1s discussed.
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3.4.2 The hydrologic sub-basins : f

v
The Elizabeth Lake basin can be divided into 3 hydtologic sub-

¢

bagins, and \a primary contributing area (Figure 3-4). The subbasins

labelled East tundra and Pond area drain into Elizabeth Lake by inter-—

mittent streams. The.Valley area, a glaclal melt water channel, drains

ts
i

into -the lake vi; a strgqm which flows year round. During the winter
months, groundwater "x‘uésmjt:“(ains the discharge of -this stream. The dis-
charge of these streams was measured using the dye dilution technique
described in Chapter 2. Eliza thLake has one ogtflow 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 each hydrologic area.

s

3.4.2.1 Valley area 4

The Valley consists of two areas: the 'upper valley' and the small
area closest to the lake, designated 'near valley'. The separation is

wd
important because the 'near' area began contributing water to the lake

© sy
-~

on 3 May while the 'upper' area collected runoff water at the base of

the valley until the end of May. {

The snowpeck at the base of the upper valley Lzrehaves in much the
same manner as a sponge. The snowpack reached its saturation capacity
on 31 May wh,en it began to discharge Iinto the lake. Snowmelt runoff
- from the upper valley area continued to dischargeh into the lake after 14'

w

June, when the study was concluded. However, by this date the upper

valley had contributed approximately 95% of 1its calculated snow volume

(water equivalent). §
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Teble 3-5. Areas and snowpack water equivalence of plant communities within hydrologic areas.

Plant :
conmunities . Hydrologic areas ©
] Lake ] valley K East tundra Pond Total
area water equiv. area water equly. area water equiv, atea ‘water equiyv, area (%) wazzer equlv.
forest 23.62 109.23 .38 1.77° .28 . 1.27 2.78 12.85 27.06 (1;.113) 125.12 (23.68)
woodland 36.67 178.67 19.15 93.31 2.78 10.26 .34 1.65 58.94 (37.97)  283.89 (53.72) |
tundras ) 14.02 20.45 29.02 | 42.34 13.44 19.61 © - - 56.48 (36.38) 82.40 (15.60) 2,0
bog < .32 1.58 .18 0.86 -- - -- . - .50 (0.32) - 2.44 (0.50)
talus 5.92 ’ 11.52 .85 1.66 .73 1.43 .78 1.53 °8.28 (5.33) 16.14  (3.05)
disturbed 5.97 '18.23 - -- - e - - - '3.97 (2.56)  18.23 (3.45)
— -
total 84252 339.69 49.58 139.94 ;7.23 32.57 3.90 16.03 155.23 (100) 528.22 (100.00)
% - 54.345 64.31 31.94 2{:.49 11.10 6.17 2.51 3.03 100%

water equivalence 1in m> x 107

area 1n m2 x 10°

-

7
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By 2 June the snowpack In the near valley has essentially disap-
peared. The disci\arge for the stream draining the valley is shown in
Figur:a 3~5. Much of the discharée from 2-30 May was ’estimated from a
calculation to be discussed in sec‘t:.ion 3.4.4. Actual discharge measure-
ments using dye dilution are indicated in g‘igure 3-5. AIl but four of
the daily discharge figures listed for 31 May-14 June are derived from
dye diiution. 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 the stream was gauged using dye dilution.
The error involved in ‘these estimgtions may be as much as 25-50%. The
total snowp%ck (wvater equival\nc ) of the valley area represents 26.49%
of the Elizabeth Lake terrestrial 'snowpack.

>~ .

3.4,2.2 The East tundra

This area vbegan éontributing meltwater to Elizabeth Lake on 18
May. Dye”dilution was used to estimate the discharge (Figure 3~6) for
the dates,shown. The &ischai'ge on the remaining dates was estimated
from a relationship derived between the known discharge values and the
daily mean temperature. % This relétionship (y = 36.23x + 157.08, r =
.90, n = 9) is significant—at the 99% confidence interval.

The discharge from this area was similar to the upper valley. Top-

-

+ .
ographically, this area {s 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-
. v

uting snowmelt water to the Elizabeth Lake. The streambed, until .the

ir
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Figure 3-5: Hydrograph of stream which drains Valley area of Elizabeth Lake,
* springmelt, 1980.
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Figure 3-6: Hydrograph of East tundra area, springmelt 1980.
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very end of May, consisted of a thick .layer of white ice, similar in

appearance to aufeis. This area Eoﬁtributed 6.17%2 of the terrestrial

snowpack water to Elizabeth Lake during the spring of 1980.

i ~
s

3.4.2.3 Pon& drea

-
-

The Pond area is esseniially a separate/basin within the Elizabetﬂ

Lake .catchment. It -drains into a small pond, approximately .46 ha in ¢

area. Though the pond surface (at low winter water level) 'is approxi-
mately 11 m above that of Elizabeth Lake, groundwatér seepage into the
larger lake through the dolomite bedrock appears to be negligible. The
bathymetry 'og this pond is unknown. The water levels of this pond
dropped approximately .3 m during the winter months (mid November to mid
April). This equals a groundwater discharge of approximately 8.6 n3
day~l. This factor would undoubtedly be an underestimate as groundwater
or subsurface water would be draining into the pond as well.

The difference ih elevation'betweep the 1ip of the discharging
éhannel of the pond and the pond surface waé «45.m on 15 April. ’Mglt
water was observed flo&ing onto thg ice surféce on 2 May. On 12 May the
pond sgrfaée ;aised above the 1ip of the éischarge channel and drainage
into Elizabeth Lake began. |

As the. pond area contributes appr;ximately 37 of the terrestriai

snowpack water to Elizabeth Lake, time could not be spent doing dye

» -

dilutions each day the stream was discharging. 1In all, dye dilution was’

perforied on 10 days out of a possible 37. A meter stick wired to a
concrete slab was placed in the stream near the pond. Each day the

stream stage was recorded. It was hoped that since the volume of the

TR B ST Y e e SRy P, A (B b U VR i Ly

s

<
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snowpack (water equivalent) draining into the pond was known (approxi-
nately 16,000 m3), the volume of water needed to raise the pond to the
tip of the streambed was known (approxima‘tely; 2060 m3) and the total

volume of stream discharge on dye dilution measurement dates (later

measurements recorded 4200 m3) was known that it w%ld be possible to -

deduce from the record of stream stage the approximate discharge for
each ’day. In order to use the stage reéord, the readings »would be
totalled and this sum would equal 100% of the unmeasured reméining ENOW=-
melt water (approximately 9740 m3). Each days measurement woul& re?re-
sent a certain 'percentage of the “total,stage' which when multipiied by
9740 m3 to derive that day‘s~ discharge. This 1s admittedly, a crude
approximatioh, but within an acceptable error considering this basin
only contains 3.0% of . the, Elizabeth Lake terrest‘rial snowpack.

Regression analysis comparing ;:he stream stage with the discharge data

.for the 10 dates when the dye dilution measurements were taken, yields a

strong correlation (r = .97 at the 997 confidence interval). The
equation describing this relationship, (Log y = .15 x‘-i? 1.99), was used
to calculate the runoff for the dates when dye dilutlion measurements

were not made. The resulting hydrograph is shown in Figure 3-7.

3.4.2.4 The primary contributing area

The primary contributing area labeled 'Lake area' is so named
because it contributes sfowmelt water directly .to the lake without

passing first through well defined stream beds. It comprises 54.7%7 of

the terrestrial catchment and contributes 64.37 of  the terres,tﬂt\'ial.

source snowmelt water to the lake during the melt. A calculation

?-,.»,...
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Figure 3-7: Hydrograph of Pond area-discharge, springmelt 1980.
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designed to generate daily snowmelt runoff fnto the lake from: the

"

primary contributing area is presented in section 3.4.4.

a

3.4.3 Elizabeth Lake outflow

The daily record of discharge 1in the outflow 1s presented in Figure l

3-8, A significant (at the 997 confidence 1interval) relationship

betwegn 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 dates of actual measurement are indicated in

T R -

£

o

Figure 3-9. .
\

Early in the melt, dye dilution . measurements in the stream under+
reftesent the actual discharge because the stream‘dischArges through the
snowﬁack in many channels. Thg .snowpack disrupted ‘the flow of ‘dis-
charging lake water such that the runoff was following not only thé
stream bed but also adjacent areas as well. This made it difficult to
make sure the dye wa§ well mixed. The snowpack acting as a temporary
dam, diverted some of the water. The equatlion above was derived from
measurements taken after an appreclable amount of snow was melted at the
site where dye dilutions were ruh. It was then apparent that the dye

vas mixing with all of the dischgrging water.

P
«

3.4.4 Daily calculation of meltwater runoff into the lake from the.

‘ i

primary contributing area

After the initial melt period in the woodland and forest when a
small, albeit chemically important, volume of meltwater is diverted
) downslope by dense snowpack layers, the melt pattern resembles that des-

{*~} cribed by Price (1975) and Colbeck (1977). A significant portion of thé

/

e .-

Cs
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sn'owpack meltwater flows initially in _.n%ore_ or ies‘s aeve/\rtical direction
until flow is 1mpeded by frozen soil; flc;w is ‘then directed horizor;tpally
downslope.' ' .

A calcuiation to determine the daily flux of meltwater from t\;e

primary contributing area into the lake was dej.rived by extrapolating the

characteristics of the. runoff plot hydrographs to the entire snowpack

within each plant community. ,

Discharge from the snowpack in the primary contributing area was
calculated in ‘the following manner: from the shoreline to the top of the
sﬁbbasi;nl"dtlhé land area was ;eparated into bands 30 m wide, the_ same
leng:th as the upslope sections of the runoff plots. , The calculation
consists of two combonents 1) flow generated within each band and g)

flow entering each band from upslope. The plant community snowpack

water equivalence within each band 1s estimated by multiplying the area

¢

the plant community occuples by its mean water equivalence.

The daily runoff gene'rated within each band from each plant com-
munity 18 equal to ;he percentage of sn\ov}pack melted that day in th;a
appropriate runoff plot. The distance downslope that thig volume of

water flows 1is derived from the daily hydrograph. It 1s assumed that

when peak flow is resched the entire 30 m runoff plot is contributing- - -

\
meltwater to the weiri:ox‘ at the downslope end of the plot. The time

necessary to reach thls peak each day is dividedv by the length of the‘
slope, i.e. 30 m. The downslope snowmelt runoff velocity within each -
plant community is thereby calculated for each day (Table 3-6). If °
water originating from a tundra snowpack flows into an woodland snow—‘

pack, its runoff velocity would change in accordance with the flow rate
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/
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s Table 3-6; Snowmelt runoff velocity determined
' C ) within the woodland and forest runoff’ _
plots. -
T 1 o - Velocity (em.sec=1) .
woodland ) forest
o May 2 0.10 ‘ 0.09
\ 3 - ' 8.09
. 4 -- -
. : 5 . .
6 - -
7 -- 0.09 .
K] 0.10 0.09
. 9 - 0.1s, . 0.10
10 - . - -
11 - | --
12 0.7 _—
13 033 0.10
T ) 0.1 0.10
. 15 .02 " 0.18
16 s 012 "0.14 -
17 IR 4 ¥ 8.15
18 B A1 g.15
19 . 0.13 . 0.15
20 0,17 . 0.7
' . 21 0.19 . --
’ 22 - 0.9 -
. 23 0.21 . 0.17
24 Yy D19 0.17
- 25 0.21 0.17 .
26 . 0.24 0.19
. 27 0.27 0.21
28 0.14 0.17
29 0.19 N . 0.19
30 0.17 - 0.17
3 0.24 T 0.7
June 1 ’ - 0.21
2 - ' 0.19
) 3 -- 0.19
4 -~ 0.21
5 —~— -
6 - -
7 - -

-t v e A e
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calculated for the woodland’ that day.¢ At the beginning of each daily

4
_ melt period, water at the base of the snowpack originating from the

previous day's melt assumes the runoff velocity calculated for the new

L

da&'s melt. In this manner,. the daily flux of. snqumelt water from the
primary cont;ibuting area into the lake 1s calculated. The calculation
continues until the runoff plots cease discha;ging water. At this time
it is assumed that all of the snowpack in that pargféular community has

melted.

The baslc assumption in this calculation is fhat the measured dailly
runoff froﬁ the runoff plots 1is representative of the particular plant
community at large. This assumption ig geally an overall assumption
which consists of ; number ‘of~~identifiable subsets: namgly ‘s;épe,

aspect, similarity of vegetation and snowpack. The similarity between
Arewe, \

the runoff snowpacks and the plant community snowpacks in which they are

g i

located has-been discussed é;;iiér in chapter 2. ‘ o,

o ' L4

s

3.4.4.1 Justification of the hydrological calculation

I
° %
w® n

Incorporation of an existing model to predict the daily inflo%;é%f

meltwater to Elizabeth Lake, was not possible for a variety of reasons.

 The primary purpose of this work is to examine nutrient fluxes during

snowmelt not to constyuct a generally applicable model of snowmelt ™

’

¢ A
generation and runoff or to calibrate existing models.

-
J -~
¢

To calibrate an existing model such ags that of Price (1975) to the
, . .

snowmelt conditions with -the various environments fn.the Elizabeth Lake

basin would have required a significant amount. of time.

-

IO
o
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The incorporation of the Stanford watershed model to climates dis-

similar 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). Llamas et al. (1978) expanded the

importance of snowmelt runoff to accommodate Canadian conditions, but -

N

this could not be applied to subarctic’ conditions 4s tﬁe Canadian
vergion accounted for infiltration of meltwater into the soil. |

If it can 'be assumed that a runoff plot is representative of a
particular plant community snowpack then »the exthange of heat between
the air and the snowpack should be essentially similar at the runoff
f)loat and other sit(es n\r\thin the specific plant community. B#s it 1s the
complex Interactions of ‘heat and the snowpack which “ptod.uce meltwater
runoff, the runoff recordq per:\\,m2 of runoff plot should be similar to

that in other portions of t\e sn\owpack in t;he~plant community of con~
\ : '

cern. \
5

The structure of the runof plot enclosure may impede the movement
of air with the plot snowpack. is \ould in effect slow f:he melt pro-
cess to a small degree. There was\ however no observable difference in
the. melt x;attern of the snowpack ichin or outside the runoff plots

¢ 1

however.
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Comparisoﬁ of calculated and measured input with the actual

3'4'5

discharge °

Figure 3-10 {llustrates the daily fnput to the lake from all
'sources. This’ includes the calculated input from the pfimary'contrib—
uting and near Galley area, the input from thé upper valley, pond and
In order to

east tundra.areas, and the lake snow and white ice cover.

test the wvalidity of calcﬁldted and measured daily input a comparison
was drawn .with the actual Teasured étoraée and discharge (Fig. 3-10).

A cumulative plot of daily calculated plus measured input and daily
lage discharge plus storage ié illustrated in Figure 3-11. The calcu-

lated plus measured input is conglstently greater than the'discharge

plus storage. These differences are ﬁost.pnonOunced between 14 May and

OB

9 June 1980. .

The calculated input from 1 May to 15 June is 462;100 m3, a 7.75%
oégrgstimate of the actual discharge of 426,300 m3. This overestimation
is undérstandab}e bec;use, at least in the primary contributing area,
th; ;alculaFiop used to determine the daily flux of meltwater into the
lake asgupes that thé snowpacks 1n the forest and woodland disappear on
the 11 June and 6 June respectively. In fact, some patches of snow
remained in both plant communities after the calculated date of disap-
pearance. No estiifte was made of the remaihing SNOW . 'There is general
as shown in Figure

temporal concordanceé between input and lake peaks,

3-10. ) o

The variation ap greﬁt between'the daily meltwater flowing into the
lakenaﬁd the sun o daily discha;ge plus daily change in storage illus-
traéed in Figure 3-10 i1s due not just to potential error in the overland

flow calculation t 4in, part to the error \in total stream inflow
A

\

measurements, as dye\dilution was not conducted ch day of the melt.

ARYY \
.

i T N \
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Figure 3-11: Comparison of cumulative daily measured input
o ) plus calculated input and cumulative lake
discharge plus storage.
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A’ﬁinear regression compare§ the daily lage discharge plus dailx
change in lake storage and calculated input to the lake (Fig. 3—12). An
equation describing the relationship has a correlation coefficient of
.78, significant at the @QZ confidence interval (n = 45).

As the discharge :;kpqnse to the daily‘input will likely be delayed
as the flow continues over a 24 hour period the equation above des-

crfbing 'same day' input and response 1s not accurately describing the

»

intended relationship: Assuming that a delayoof one day occurs between ’

the input’ of meltwater to Elizabeth Lake and corresponding stream dis-

s

charge a new relatlionship involving a one day delay is formulated. The

new equation, Figure 3-12 has a correlation céefficient of .87, signifi-

cant at the 997 confidence interval (n = 44). Though both equations
describe a signiﬁicant rplétipnship, in the latter, the input accounts
for 76X of the variation exhibited in the outf{ow; in the former
equ;cion the i;puc accounts for 61% of the discharge variation. Likely
the input-response time delay is  somewhat less than a 24 hour period.
As the data are formulgted only for daily r;adings and not the daily
hydrograph, the true Input-response time delay remgins unknown., In
Figure 3-11 a one day adv;nce of the input data lessens the differéﬁces
between the cumulative daily calculated plus measured 1lhputs H;q
Elizabeth Lake and the cumulative daily diéchérge plu; gtorage.” During

portions of the early and "latter melt, the Iabut exceeds the lake

discharge plus storage though not by very signifiédnt margins. General-

ly speaking there is good agraement between thé cumulative input and

cumulative output. -
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Figure 3-12: Relationship between daily lake discharge plus daily
change in lake’.storage and calculated overland flow
and measured stream input to. Elizabeth Lake, springmelt
1980. .
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CHAPTER & : . -
'i‘ERRESTRIAL AND WHOLE CATCHMENT NUTRIENT MASS BALANCE
4.1 Introduction ‘ ’

This chapter examines certaln aspects of nutrient  transfer during
the springmelt attributable to meltwater runoff. This 1nvolves an
accurate assessment of the nutrient masses within the tundf*q, woodland
and forest snowpacks and the Impact of physical processes such as
diversion flow which will affect the transfer of snowpack-source nutri-
ents to downslope wate1: bodies prior to interaction with organic hor-’
izons at the base of the snowpack. .

Total nutrient mass balances are examined within the tundra, wood-
land and forest snowpack runoff plots 1in orde;r to determine whe;:her
snowpack—sourc\e nutrients are retained by or~ nutrients scoured from the
organic horizons and mineral soil surfaces at the base of the snowpack.

The elution pattern of nutrients from the woodland and forest snow-
packs were recorded. This made pdssible the calcylation of’dgily nutri-
ent mass balance within the respective meltwater runoff plots. ’

Daily nutrient mass transfer from the terrestrigl to the aquatic
portion of the Elizabeth Lake catchmt-_;nt: was accomplished by adding tﬁe

dailly nutrient mass values determined for the inflowing perennial and

intermittent streams to the dally contribution from the portl:ion of the

terrestrial catchment contributing nutrients directly by ox}érland flow.

The calculation for the daily overland flow contribution is a product of
the hydrological calculation discussed in Chapter 3 (section 3.4.4) and
the daily total nutrient export from the woodland and forest runoff

plots.

~:
»



Mot e e r

The daily nutrient mass balance for Elizabeth Lake 1is presented fof
the 1980 springmelt.

The sptingmelt export of nutrients from these sub-

"

arctic ecosystems are compared to results from temperate study sites.

The relative importancé of the springmelt contribution of TP, Caz+,

o

Mg2t, k' and Nat to the lake in relation to the ice-free season contri-
bution are examined.

L]
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4.2 Snow Chemistry . . .

The purpose of invegtfgacing‘thé chémic§1 content of the snowpack
is threefold: 1) to detefmine the potential snowp;ck nutrient load
within each plant communit& at spripg@elt, 2) to determine the repre~
sentativeness of ;hé‘snowmelt-runoff plotlsnSWpack to the plant communi-
ty snowpack within whféﬁ it is 1ocatea, and 3) to determine the chemical
vafiation within and amonglplant community snowpacks.

4.2.1 Snowpack chemical composition

The chemical composition of the tundra, woodland and forest snow-
packs determined from samples extracted at peak snowyear is illustrated
in Figures 4-1ﬂanﬂ’4-2.‘ Beneath each histogram the mean sample value
and sample range within 1 s f{s shown. The range of confidence (99%) in

the error of each mean:

e o, S ) ,
E=2z/y & or t%/ (Freund, 1972)
JR 2 I \

. . - - _ *pg,

is shown. for each nutrient within the three plant community snowpacks.

The mean nutrient concentration of each stratigraphic section (described
in Chapter 3) and the range of, values within 1 s of the mean are

included above the histograms.

Table 4-1.1ists the total mass for each nutrient measured in the

s .

three snowpacks. The calculation consists of three components: 1) the
»:'\

area (m2) of each of the three plant commuﬁities; 2) the mean snowpack

water equivalence of each plant community and 3) the total snowpack mass

for each ilon at peak’spowyear. The calculation is described below:
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F1gure 4-l:Concentration of TP
TDP and NOj in the tundra
woodland and forest - .
enowprchs, The mean )

concentration for the T

snowmelt runoff plot

within each plant

community snowpack is

shown ( & ),
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Concentration of C82+, Mg2+, Ne* and K' in the tundra,
woodland, and forest snowpacks, The mean concentration
for the snowmelt runoff plot within each plant (:Ommunity

is shown ( & ). Legend as;in Figure 4-1.
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Figure 4-2:
continued.
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Table 4-1. Snowpack nutrient mass, Elizebeth Lake catchment, Labrador.

Tundra Woodland Forest Total
snowpack volume " : :
(water equivalent, mJ) 96337 ° 274060 131325
volume ratio ' 1 . ©2.84 . "1.36 -
Mass (kg) Ca?* (actual) 22.16 t 7,382  68.52 + 10,19 27.58 £ 8.12  118.26
(equilibrated)! 22.16 24,09 20.23
Mg2+ (a) _ 9.63:£.3.76 °  21.92 £.3.35  9.19 + 2.79  40.74
(e) 9.63 . 7.70 : 6.74
- . N H
Ck* (a) . , 676"+ 2.56 ' 16.447t 3,10 ° 11.82 £ 2,72 35.00
(e) . 6,74 5.78 8.62
Na*  (a) ' 19.27 ¢ 6.17 65.77 + 7.96 -34.14 ¢ 6.84 119,18
(e) . 19.27 T 23.12 25.04
] . (a) ' 71 .22 2,48 £ 30 1.36 ¢+ .26 . 4.55
' (e) TJ1 - .87 . 1.00 .
1DP. (a) © .23 % .08 85 & 11 . .42 % .10 1,50
(e) 23 - ' .30 .31
NOs  (a) - 22.16 ¢ 8.61  57.55 t 7.46  30.20 + 7.6  109.91
(e) 22.16 20.23 22,15

1The mass values of the wood'land and forest snowpacks have been equilibrated to the
" water equivalence of the tundra snawpack such that a more realistic comparison can be
1llustrated. ' ;o

21ne expected range of snowpack specific ron mass (resulting from the product of the

mean Bnowpack water equivalence and mean ionic concentratin) 1is determined by amploy-
ing a modification of the following equation: -

Expected range within which 68% - - i —
of the dats will fall . =\’rl?->_<.2-"_(54)2] + [,YZ.(SX)Z]

'The modificatian involves replacing S with the 99% confidence limit (a) of the mean
(degeribed sbove) calculated for each 1on being examined. Thus, the expected range of
1on mass determined from the projected product'  of the two means =

J R2ee,)21 + 1y Tet2)

.
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Snowpack mass = Ay * Sye " X N

where A, : area of .specific plant community (m2)
‘ Sywe! X snow water equivalence in specific plant com-
_ munity (m)
xN : x ion concentration in specific plant community mg
m

PEES

The calculated range for the total ionic mass within the snowpack
. ' . \»
of each plant community is listed in Table 4~1. - It can'be asserted with

2 a‘ probability of .99 that the determined mean i3 within the stated range

of the true mean.

4.2.2 Snowpack stratigraphy

Snowpack stratigraphy was 'investiéated to aid ~in' determining chem-
ical diff‘erencés and similarities within each plant community snowéack.
The feported diversion of snowxx;e'lt water by'ice léyers (‘Colbeck, 1977)
formed al\ong stratigrgphinc .130uqdar1es within the snowpack necessitates
evaluation pf snowpack chemistry by stratigrap'hy such t’hat if a diver-

sion similar to that reported by Colbeck occurs, a reasonably accurate

revaluation of the ionic loss can be made. Sampling of the snowpack

stratigraphy at differept sites within each plant community provides the
sta;istics for such an"aSSessment. ‘

’ ~Due to the largé number of stratigraphic layers within the snow--l
packs (as many as 17) the strata were separated into 5 groups. A compo-
site sample was taken from eac}'n group for chemical analysis. The
division of strata within each plant communit); snowpack was done such
that chemical Ct)\mparisons of a particular group could be drawn among
different: snoﬁpuits. This was™ only possiiale where stratigraphic similar-

ity existed.
4.

A

-



A

The strata within the forest snowpack. 3t different sites"‘was,quite ‘

comparable, bresumably because of reduced wind disturbance. At the

'

woodland sites, the open nature of the woodland enables the wind fo Jplay

4 more prominent role in disrupting the natural stratigraphy of the

[}

snowpﬁ‘ck. ’f‘Opographic differences in the exposed' ‘tundra produced a

large ,range of snow depthh. This results in a large variation in'physis, .’

cal stratigraphy; thin, densely compacted strata on the exposed sites
and more pronounced stratigraphy in the hollows where the snowpack may

measure 1in excess of 2 m. Segmenting the strata” into five.groups

enabled a comparison of the strata among sites on a temporal basis. For
\ example the first stratigraphic group at the base of the tundra snowpack

\l\ould be" comparable at each site as it s that initially deposited.

Likewise the uppermost stratigraphic group among all sites represents
the mogt recent deposition of snow. The three remaining fraétionms
between the initial and most recent groups would be comparable among the

L

sites on a si\milar temporal basis.

&4.2.3 Variation in.snow chemistry among plaﬁt‘ communities

It was’ hypothesized that the snowpacks would have very similar
nutrient concentrations barring influence from the plant community. The
‘means and ranges (+\ls) displayed in Figures 4-1 and 4-2 1ndic;ate that
the tundra snowpack has lower TDP, TP and NO3~ concentrations than the
wé;odland and forest plant cofnmunity snbwpacks. Q‘wwifﬁerence of means
tests (after Freund, 1972) were conducted to compare the nutrient con-
centrations between plant community snowpacks. The results are 11lus-
trated in Table 4-2. Statistically the tund;'a snowpack [TP] is sgignifi-

éantly less than both the woodland and forest. The differences apparent

B
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Table 4-2. Nutxiént concentrations in snowpack stratigraphic sections and mean
snowpack concentrations for all plant communities.

A B C D . 1 x
Tundra " .28 .23 .22 .21 .23 . .23
ca2* mg L1 Forest .22 % .18 W22 .22 .22 .21
' Woodland .22 [.30 : W23 .26 .27 .25
\ ' Tundra .09 .10 A1 .11 .09 = 10
, Mg2* mg L) Forest .07 .0% . ,08 .06 . .08 .07
: Woodland .08 (m09 ‘.07 .07 .08 .08
Tundra T .18 .20 .19 AT .20
Na* mg L-! Forest .37 £22 o .25 .23 .21 .26
) Woodland .24 \\ .22 .26 .23 .28 .24
Tundra - .07 .06 R Y A .07 a7 .07
K* mg L1 Forest .10 . .08 .09 [ .09 .a7 .09
o Woadland .06 \ .06 .06 .05 .07 .06,
' i \ < P
) Tundra 7.83 \a.9a 6.35 6.50 [ 7.50 7.42
tPogL-t Forest - 9.62  10.:29 [ 9.06 1o.ao] 12.10 10.36 ]
S Woadland 9.55 ?.oa 10.03 8.32 8.50 9.05
o Tundra 2.45 3.02 2.1 2.10 2.46 2.53]
0P g L-1 Forest 3.34 2.84 3.23 [3.20 3.49 3.21
Woodland 2.96 2.56 3.07 3.45 3.51 3.11
Tundra .36 W23 W22 .18 .18 .23
NO3~ mg L-! Forest .20 .21 .25 .26 24 7 .23
Woodland .22 .22 .24 .20 AT L21

A

* the brackets ([) indicate statistically'sigmnificant differences (95% conFldenc:>j
level)
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in Figures 4-1 and 4-2 for [NO3~] are not statistically significant.
Othler statistically significant differenc;es not apparent in Figures 4-1
and 4-2 include [Cat] and [K'] between yoodlandv and forest and [Nat]
between the tundra and forest snowpacks. [Na"']\ is significantly lower
- in the tundra than in the forest; the difference in [Na""] noted between"

tundra and woodland snowpacks is not statistically significant.

4,2.3.1 Stratigraphic variation in chemical concentration among

plant communities

The "'mean and range (+1s) of the measured ions bwithin each strati-
graphic section of the snowpack are illustrated in Figures 4-1 and 4~2.
Patterns 1indicating i"ncreasing or decreasing concentration with depth
-/ are evident for NO3~ In the three ‘plant community snoiv"packs; decreasing

in the tundra and woodland and increasing in the forest. 1In the forest
snowpack, [TP] dincreases from the top to bottom of the snowpack; [TP]
pattern 1s not evident among the stratigraphic sections within the
tundra or woodland snowpacks. The cation concentratio;l distribution
through the gnowpacks does not follow any distinctive patternf Specific
- concentrations of measured lons within the 5 stratigraphic sections of
each plant communit; snowpack 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 differences in

ionic concentrations noted among the snowpacks.

Nat and TP concentrations differ gsignificantly between tundra and

( < forest snowpacks. For TP this difference is wmost.apparent in the lower

L]
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FTable 4-3.° Nutrient analysis, water equivalence and depth of snowpack of snowpits and runoff plots.

Tundra Woodland Forest
Snowpits Runoff Snowplts ° Runof'f Snowpits Runof f -

A B plot A- B plot A 8 plot
P (ug -1 5.97 5.02 5.49 9.46 8.14 8.80 11.20 13.54 12.37
TOP (pg L-1) -~ 1.14 2.26  1.69 2.52 3.20  2.86 3.00 3.24  3.12
NU{ (mg t=7) 0.22 ©8.17 0.20 0.19 0.13 0.6 0.21  0.24  0.19
cat* (mg L'1) 0.18 0.19 0.19 n.22 0.27 0.25 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
K* (mg L'1) 0.07 0.08 0.08 0.06 0.05 0.06 0.09 0.07 0.08
Na* (mg R} 0.17 0.19 0.18 0.24 0.21 0.23 0.18 0.19 0.18
water equivalence (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
density (g/cm 0.22  0.14 0.19 0.30 “0.38  0.32 0.27 0.25", 0.26

]
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stratiéraphic layers (Tdble 4-2) where the concentrations in the forest

snow are between l(& and 5 ug L7l higher than those recorded in the

tundra. [Na"’] differences are nqted between the compoéite samples and

not between particular stratigraphic groups. The {ncreased concentra-

tion of Na* in the forest may b;a related directly to the efficiency of

coniferous trees to trap dry fallout (Overrein et al., 1981). The sig- ’
nificant differences determined for [TP] between the weoélland and forest—(
plant community snowpacks may be ;ttributable to increased organic depo-

sition in the forest (se‘e Weri'en, 1978) due to the increased axx;ount of

above snowpack biomass (i.e., standing trees). The increased [TP]' in

"the forest suowpack above that determined for the tundra and woodland

snowpacks is most pfonounced in the lower stratigraphic layers. It is,
choughc\t\ﬁis‘/tﬁ?‘féjrence is due chiefly to deposit‘ion of dr}; fallout in

the early winter. Other possible sources include orgar;ic matter deposi-

'

tion from the tree%, shrub layer 1litterfall and upwakd migration of

1itter-source P during the early snowyear when the upper soil and g;ound

vegetation are still not completely fm;en.

It is thought pthat dry fallout might be; more pronounced during the
initial portion of the snowyear as later in the winter wuch of the.
source area for dry fallout material would be under snowcover. Hamme?
(1984) reports that dry fallout in northern latitudes comprises a sma3.1
proportion of the total atmospheric load during the winter months.

-The s‘vtratigraphic variation in chemical properties in the forest
snowpack cannot be solely related t;o greater accumulations of littgr:

Further, indication of increased orgaqfi‘??ﬁétter in the lower portions of

the snowpack should be apparent by eamining the [K']. It 1s widely

0

PR
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reported, most recently by Jones\(1984) that‘[?*] ig snowpacks 1s pro-

_ portional to the organic content 6f the snowgack: In the Elizabeth Lake
catchment snowpack data, there is very little vertical variatiqn in [Kt]

githin the three plant community snowpacks. This is ind}rect evidence
that the vertical distribution of deposited organic matter i; much the
ame throughout the sPowpack within each plant community.

A possible source of P to the lower portions of thg.snowp;ck is up~
ward movem;nt of litter source P during the early snowyear when the
upper soll and ground vegetation are .still not'éompletely f;ozen. A
moisture gradient exists between é very dry, cold snowpack and a satur-
ated, relatively warm litter-ground vegetation-mor strata at the base of

the shallow snowpack. This process was observed during the 1983-84

snowyear in a northern Ontario Canadian Shield deciduous forest (English

and Jeffries, unpublished data 1984). The affected’snowpack portion,ﬁ

clearly distinct due to discolquration by what was thoﬁght to be drganice

aclds hhd greater [TDP] than the upper unaffected portlon of the snow-

pack. This would 1indicate the dissolved fraction of the total -

detectable P would be affected by this process. Since the [TDP] in both
the woodland and forest snowpack are similar, attribution of this
process to increasedk[TP] in the lower forest snowpack is dismissed.

4.2.3.3 Differentiation of snowpdck ionic mass load by equilibra=-

tion

Equilibration of the calculated total ion mass within the tundra,
woodland and forest snowpack are shown' in Table 4-1. The equilibrated
expresslons enables comparison of individual plant community contribu-

tion to sﬂowpack chemistry. The statistical significance of these dif-

ferences was not found as.only one number for each snowpack is deter-

mined.



' deposition from the follage during rainfall events.
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,Proportionally more X, Nat and TP mass 1s found in the fo_resf
snowpack. The differences are attributable to the ‘increased above snow~
pack biomass contributing litter to the snowpack anq effectively trap-

.

piné dry .fallout which is later deposited 1in the 'gnowpack beneéth.
Gverrein et al. (1981); Abrahamsen et :z_a_]_._. "k1976), H‘orntvedt._e_‘ti al.
(19‘8.0) and Foster et al. (1983) discuss the ghem;cal modifi;:ation of
precipitation by coniferous ‘trees. Their results demonstrate tha‘t NO3~
an'd .NH/,"' are adsorbed by conifgréus tree (*:roxkng and most other ions are

'enri-ched' fn throughfall. ' ,This is in ;Sarb- due to the scouring of dry

B
Though the réports of‘canopy drip resulting from snow melting on

trees were not found it is thought that since dry deposition, which is
thought .to play-a major role in determining the chemistry of canopy
dri[..), occurs In wilnter, then the meltwater would be similarly enrich;d.

" - The incréased Kt and Na"‘ mags in the forest snowpack may in part be

due to enrichment from the meltwater dripping from the spruce  crowns

.during the late winter when the adsorption of solar radiation by the

spruce trees and su’bsﬁequent', (observed) melt of snow in the boughs
occurs. The concentration of- Xt and Nat in the surface (A)' portion of
the forest’ snowpack are elevated above the concentrations determined for
the surface snow {n the tundra and woodland (Table 4:—2)‘1

The equilib}'ated TDP mass 1s proportionately quual in thé ‘forest
and woodland; both of these values well ellevat:ed above the -tundrad equil-
ibrated TDP mass. The equilibrated NO3~ mass within the tundra and
forest are essentiaily equal; the woodland‘ snowpack‘Noj; equilibrated

mass is slightly less. 'i‘he equilibrated ca?t and Mgz* mass are notice-

ébly higher in the weodland e{nd tundra snowpacks respectively. The

.




be 1Insignificant.

'

G

0

exact reasons for this are unknown, though in the tundra it is thought

‘that the open patches of ground on thé ridge tops may be cdntributiﬂg

dust, thus the elevated concentrations of Mg2+) The equilibrated Ca2t

N

increase in the woodland may be organic in source as the colonies.of

'Labrador tea and dwarf birch in the woodland are more npmerbus and .

greater in density than in the tundra or. forest.

4.2.4 Evaluation of snowmelt runoff plot ionlc mass

birectwsampling of the runoff plots for nutrient analysis was not

{
practical because- disturbing the snow in the plots would disrupt the
natural melt pattern of the sﬁowpack. Instead, 2 snowplts were dug

within 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). It was assumed -that Lf there are chemical dif-
ferences between the runoff plot sites and these snowpit sites it should
Physically the sites are ver& similar: differences

~ g .
in slope angle and aspect are indistinguishable and the vegetation com~

position 1s much the same. - As demonstrated beiow in Table 4-3 there is
no significant difference between, the water eguivalence and depth of the
snow runoff plots and the nearby snowpits for the woodland and forest.
The water equivalence of the tundra runoff plqt is less than the ﬁean‘of
the two sampled sites by 6.66 cm. This difference, though large,‘is not

reflected in the ionic c¢oncentration. As shown iIn Table 4~3 the vati-

\ Q
ation in fonic concentration at the two tundra sites 1is small. The
[TDP] variation is the largest shown.

Assessment of the nutrient mass within the runoff plots involved

determining the weighfed mean concentrationg for each stratigraphic

e
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gection. Student t tests revealed no significant difference (95% Eonfi-

.
’

dence level) between the nutrient concentrations in the 2 snowpits. The

.mean nutrient concentration of the two snbwpics'éampled near the runoff
. :

A

plots 1s that used to.determine the nutrient mass of the runoff plots.
The runoff plot snowpack nutrient mass ;gs simply calculated by multi-
- plying the extrépolated mean nutrient coﬁcgntration by the meésured
(chapter 3) water quivalence volume (Tabl; 4=4). |

As the runoff plots were the sole means éf measuring the inter-
. action be%ween melting snow and the soil surface and ground cover it was
.important to determine ho? repreéentative the runoff plot snow chemistry
was 16 rélation to that determined at other snowpit sites within the
same plant community. This analysis would give some meésure of confi-
\dence that the results dgtermined at spgingmelt at fhis site could be
congidered representative ‘of the .snowmelt interaction at other sitgs
within the appropriate plant ;ommunity.

Student t tests were employed to determine 1f the runoff plot snow-
pack chemical con;entratiéns_are statistically comparable with the oghgt
snowpit site data. The results are illustrated in Table 4-~5. “ In each
case wﬁere significant differences are registered, the cunoff ﬁzgt con-

' _ *
centration is less than the value derived for the plant community snow-

.pack at large. The only exceptiod is TP in the forest snowpack where

the concentration in the rumoff plot is approximately Z ug L“lﬂgreater

than the mean value for the forest snowpack at large.

)

Table 4-6 compares the equilibrated total masses between the runoff

¢
+

plots and the plant community, snowpacks they represent. Generally
speéking there 1s good agreement specifically for tﬁe cations and NOg~

among the three plant cémmunity snowpacks. The TDP mass in the runoff



Table 4-4, Runoff-plot

>

gnowpack nutrient masas,

Tundra Woodland Forest
T
TP (mg) (actual) 54.5 279.7 454.4
(equilibrated) » (1.00)7 83.0 (1.52)  122.8 (2.25)
T0P (mg) (a) fs.h 90.9 114.6
. (e) " (1.00) 26.9 (1.61) 31.0 {1.84)
N3~ (g) (a) 2.0 5.1 7.0
’ (e) .- Mo(1,33) 1.5 (1.00) 1.9 (1.27)
tal* (g) (a) 1.9 7.9 5.9
(e) .7 (1.20) 2.3 (1.47) 1.5 (1.00)
MgZ* (g) (a) .9 2.5 2.6
o (e) * (1.29) .7 (1.00) .7 (1.00)
Kt (qg) (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) 1.8 (1.00)
water equivalence (m3) 9.93 33.46 36.74

TThe figures 1n brackets for each nutrient represent the ratio of the

equilibrated values among the three plant cammun1t1ebn
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- Teble-4-5. Assumed ru;uoff plot and plant community nutrient t—:oncentratzons. \’
Tundra ) ) Hoodl;nd ’ Forest
Runoff plot Plant community Signifi- Runoff plot Plant community Signifi- Runoff plot Plant community Signifi-
conc. conc. cance conc. . can(?. cance rCOI'\C. ’CONC. cance
™ ( g/1) 5.43 7.44 x 8‘.8? \ 10.03 Tox 212.37’\ 10.41 x
_ ToP ( g/1) 1.75 . 2.58 -X 2.86 2.87 ,'3.1°2 ~ 3.22 x
N0z~ (mg/1) 0.20 . 0.23 T T 0.16 0.19 T ox 0.19 0.23 -~ x
ca+ (mg/l) 6.19 0.23 x ' 0.25 0.23 =« . 0.16 0.21 x
Mg* (mg/1) (\].07 0.08 g.08 0.08 .) 0.07 . 0.07
K+ (mg/1) . 0.08 ’ 0.07 0.06 0.06 0.08 ~ 7 o.08 -
Na* (mg/1) 0.18 . 0.20 0.23 0.24 0.18 0.26 x
~x = significant difference t{etween values at 95% confidence interval, i

71



- 125 -~

Table 4-6. Equilibrated ionic mass for the snowmelt runoff plots and respective snowpacks.

Tundra Waodland Forest )
' Total . Total Total
Plot snowpack Plot snowpack Plot snowpack
mg, (mg.m-2) mg, (mg.m=2) mg, (mq.m=2) mg, (mg.m=2), mg, (mg.m=2) mg, (mg.m-2)

TP

ToP

ca+

Mg2+

Na*

NO3~

54.5 (.61)

16.8 (.19)

g, (mg.n~2)
1.9\?21.10)
.9 (10.00)
.8 (8.90)
1.8 (20.00)

2.0 (22,22)

73.2 (.81)

23.7 (.26)

g, (mg.m~?)
2.2 (24.40)
1.0 (11.10)

.7 (7.80)
1.9 (21.10)

2.3 (25.6)

279.7 (3.27)

90,9 (1.06)

g, (mg.m~2)

7.9 (92.40)
2.5 (29.20)
129\(22.20)
7.3 (85.40)

5,1 (59.6)

287.7 (3.36)

98.6 (1.15)

g, (mg.m-2)
7.9 (9é.a0>
2.5 (29.26)
1.9 (22.20)
7.6 (88.%0)

6.7 (78.4)‘

454.4 (5.05)

114.6 (1.27)

g, (mg.m‘z)
5.9 (65.60)
2.6 (28.90)

2.9 (32.20)7

6.6 (73.30)

7.0 (77.80)

380.5 (4.23)

117.5 (1.31)

g, (mg.m~2)
7.7 (85.60)
2.6 (28.90)
3.3 (36.70)

9.5 (105.60)

8.4 (93.30)




- 126 -
L)
plots 1s consistently less than the corresponding plant community snow-
packs. The differences found for TP mass are the most significant ionic

~mass differences determined, most pronounced in the tundra, where the

3

plot value is, .20 mg n~2 less than the sno‘wpack and in the yﬁo'f‘est where

- /
the plot has .82 mg o2 more TP than the snowpack.

$

4.3 Diversion flow o

_ As discussed in chapte'r 3 diversion flow due to density differ-
ences of stratigraphic layers within the snowpack occurs in the early
period of the springmelt along slopes in the woodland and forest plant

~

communities.

4,3.1 Woodland runoff plot

Within the woodland snowpits excavated very ‘near the open sprucg/

runoff plot during t‘:hel oinitial melt period, the diverslon layer com-—
pfised the uppermost 10.4%7 (water equivalent) of the snowpack..” This

value was extrapolated to the snowpack in the runoff plot, as excavation

of the snowpack within the runoff enclosure to determine the actual -

sy

e;étent of the diversion layer would have disturbed the natural meit
pattern. ]

Construct(ion of the runoff plot is suc.h that discl;arge originating
fro;lx the upper snowpack layers cannot be separated from baseline flow
'fesulting from water seeping vertically through the snowpack‘ to the
ground level. The snowpack within the runoff plot near the weir was

sculpted at the iInitiation of melt such that the meltwater draining

NS

downslope 1n the upper snowpack in the manner described above was

channeled 1into the draining. tile’ of the runoff plot. The phyéAical

IV I B it £ = A i B AR Mt R Sl

~
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structure of the snowpits used to determine the diversion layer are

)

shown 1in Figure 4-3.

During the woodland snow melt period the diversion layer began

-

forming on 2 May and had deteriorated completely by 12 May when a satur- .

ated layer was first’visiblé'at the base of the snowpack. In the runoff
plot it was estimated that 3309 L of‘ snowpack water comprised the
diversion layer. Duriég the 2, 3, 8 and 9 May, 1555 L were discharged
from tﬂe plot; approximatgly 47% of the water equivalence of the diver-

sion layer. A review of the literature suggests fhatrBO—BOZ of the

- “Yonic masses in the snowpack are removed during the initial 30% of snow-

melt runoff. This could allow a prediction of the range of nutrient
masses flushed out durgng di;ersion flow. In order to predict this mass
flux, the agssumption of chemical homogeneity of the snowpack has to be
accepted. Although nutrient concentration differences do occur among
certé&n stratigraphlc layers in the snowpack, the actual values are so
small that the significance is more statistical thaﬂ“ecological. It can,
be assumed for the sake of this discussion that chemigai
;xists from the top to the bottom of the snowpack:

Based on this assumption, 10.47 of the snowpack volume will contain
10.4% of the snowpack nutrient mass. _During diversion flow épptoximéte-

ly 47% of the water equivalence of the affected portion of the snowpack

discharged. It would therefore be expected that mass flux from the

diversion layer prior to its deterioration would be in the upper range’

or in éxcess of the 50 to 80% ion loss often meagured and reported for
the initial 302 of snowmelt runoff. The predicted values of mass flux
during this time will range between 5.2 and 8.3%7 of the total snowpack

¢

homogiggégy §
— —_ T

\/\\

RN
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Figure 4-3: Physical structure of woodland snowpack snowpits

used for determining the water equivalence of the

diversion layer within the woodland

runoff plot.
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ion content. On 2, 3, 8, 9 May 1980 the woodland snowpackl diversion
layer was sampled in close proximity to the woodland runoff plot in the
fashion described in seetion 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 raﬁégs between approximately 627 and 88% of the original
mass, in accordance with the reported exsolving rates in the litera-
ture. From the diversion layer, :he discharging mass of the ions, with
the exception of TDP, ranged between 57 and 8% of the respective total
snowpack lon 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 sndwpack at the. snowpits used to determine
the /chemical load of the open spruce runoff plot. TDP mass in the dis-
charging diversion layer accounted foruonly 4% of the total TDP mass in
the snowpack. Although statistically significant differences between
stratigraphic layers were not detectable among afl of the sites for TDP,
the uppermost sampling section (the diversion layer) of the snowpack at
the two snowpits deemed representative of the nearby runoff plot had a
lower TDP mass ( 1.13 ug L~1) than the underl?'ing snowpack ( 3.44 ug

v

L1,
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Table 4-7. The export of nutrient mass from the diversion layer within the woodland snowpack.

CaZ*  MgZ* K* Na* 0P P NO3-
Date mg mg mg mg mg mg mg
2 May 1980 Diversion 333 1M 133 281 2,36 9.51 192
A Plot discharge 862 236 317 517 16.15 19.30 202

Enrichment 529 125 184 236 13.79 9.79 10

3 May 1980 Diversion 107 36 43 9t L .76 3.07 62
Plot drscharge 117 41 146 105 4.3 5.56 70
Enrichment 10 5 103 “14 3.56 2.49 8

B May 1980 Diversion 13 5 4 12 .06 35 7
Plot discharge 14 6 25 21 1.04 1.86 "
Enrichment 1 1 21 4 .98 1.51 4

9 May 1980 Diversion 87 34 12 80 A3 2.1 - 48
Plot discharge 127 74 121 206 9.19 16.50 166

. Enrichment 40 40 109 126 » 9.06 14.39 118

% enrichment 2 May 160.0  113.3 139.0 ‘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 May 8.4 29.6 558.0 85.1 1575.0 428.0 44.8
9 May 56.1 117.7 $00.0 158.5 7090.0 682.0 264.0

Total mass flux 540 186 192 464 3 15.06 309

from diversion layer

Total mass 1n 828 298 232 729 3.74 22.10 an

diversion layer

Total mass 1n 7939 2539 2268 7314 Nn 280 5167

runoff plot '

Proportion of mass 65 62 83 64 ' 88 68v 66

exported from diversion

layer (%) ‘

The exported mass from the 7 7 8 6 5 4 [

diversion layer as a % of the
runof f plot snowpack mass
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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 1lists the daily mass of nutrients fluxing out of the
diversionula§er and the corresponding daily f;ux of nutrients from the
plot. ©Enrichment factors are listed for each ion. With the exception
of NO53~, the percentage enrichment ébove the expected value follows a
similar pattern, though the actual degree of enrichment among different
ions -is'quite large. The results indicate that diversion flow seeps

into the snowpack below the dense, stratigraphic ‘layer over which the’

sdturated layer forms. The significané enrichment indicates that mwelt-

- water originating from the diversion layer was percolating into the

lower stratigraphic layers most probably along the stems of shrubs and

herbs and trunks of trees which extend, into and in some cases through

$

the diversion layer. ﬂThis interaction likely explains the very signifi-

cané increase in TDP and K mass above 'thatf fo?nd in the diversion
layer.- It/is widely reported that snow méitwgter leaches high quanti-
ties of Kt from organic matter in snowpacks. The leaching of organic
matter may explain the increase in TDP mass as well, at least during
; -

this initial stage of melt.
The substantial enrichment noted in the runoff plot discharge on 9
May:1980”for most ions may indicate initial contact with the organic,
material at the base of the snowpa6i¢‘ A saturated layer at the base of

\
the woodland snowpack was not noted on this date.

i

4.3.2 TForest runoff plot

.t

<@

At approximately the 30 cm depth (the depth 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 vertical flow, diverting the meltwater downslope. Observa-

;tions in the snowpack adjacent to the snow runoff plot strongly suggesg\

o - .
that between 1 May and 10 May 1983, 'much of the snowmelt water was:)

a

diverted downslope by this dense layer of snow. During this period of

'

4
N

time, approximately 5.8% of the total snow runof f p'lqt water equivalence

»

discharged into the weirbox, representing 17.4% of the total runoff plot

¥

water equivalence. Approximately 33.3% of the water contained within
: 5

this upper strata discharged between 1 and 10 May.
f It is expected as discussed above for the woodland sno{vpack, éhat
between 50 and 80% of the lons measured 1in the uppe.r 30 cm Of, the snow-
pack will be accounted f9r in the plot discharge durding this period of
time. Assuming uniformity of nutrierdt concentrations 1n the sno‘wpack
from_the surface to the base, thia é’range of dischanging nutrients will
account for between 8 and 14% of the total ion content of the snowpack.

Pl

Table 4-8 demonstrates that only TP -and: NO3~™ mass discharging during

this time period fall close to t?{é expected discharge (157 and 16%

regpectively). CaZ+, ,Mgz"', Nat, TDP and egspecially Kkt far exceed the‘
expected nass discharge. In all cases, except TP, TDP and N03~, the
discharge mass far exceeds the total measured nutrient mass in the
diversion layer. A plausible reason for this 1s that discussed for the
woodland runoff plot, that is the downslope diversion of snowmelt water
is not 100% efficient and a #mall portion of meltwater is channelled
vertically to the snowpack base along branches 'of shrubs, and tree
trunks. The enrichment factor shown (Table 4-8) is simply the percent-

age increase in the discharge of the actual measurement over the

e@ected meagsurement. The expected measurement 1s assumed to be 657
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Table 4-8. Jhe export of nutrient mess from the diversion layer within the forest tunoff plot

snowpack
Ca2*  Mg2* K* Na* [T 1 'No3~
Date mg mg ng mg mg mg mg
2 May 1980 Diversion 399 164 246 n 3.0 - 17.4 339
' Plot discharge 659 3 560 970 5.9 7.7 430
Enrichment 260 207 314 593 2,9 9.7 N
3 May 1960 Diversion 227 _-109 139 274 1.7 10.6 246
Plot discharge 560 90 569 620 5.4 7.9, 410
. Enrichment 333 19 430 346 3.7 2.7 164
7 May 1980 Diversion 23 N 14 % .1 1.9 89
Plot discharge 116 46 24 214 1.1 2.7 s 213
Enrichment 93 9 10 120 1.0 .8 T 124
» 24
% enrichment 2 May .65 127 o128 157 97 56 27
3 May 147 17 3a9 126 218 25 67
7 May 404 24 - N 128 10 238 139
Total mass flux 649 319 399 745 4.8 . 29.6, 674
from diversion layer : -
Total mass 1in ' T o915 T 460 451 1015 8 ’ 41 1150
diversion layer ’ ‘
Total mass 1in 5900 26564 2875 6651 5 454 7002
runoff plot s :
4 ¢
Proportion of mass 66 67 88 73 6 72 59
exported from diversion ,
layer (%)
The exported mass from the ' 11 12 T 1 4 - 7 " 10

diversion layer as a § of the
runoff plat snowpack mass

N
/

.
.
e e e e R



¢

__/’

pS
‘; I3

d

- 134 -

o

>~
(the mean reported exsolving figure 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

runpff‘pl_:ot with snow below the diverslion layer, as the meltwater seeps

down along the 'sculpted face of the snowpack to the discharging tile,

this would not account for the large increases in nutrient ¢oncentration
4 ,
recorded in the plot discharge (Table 4-8). Safnple‘s\\taken directly from
e

the saturated runoff layer within the snowpack during the eax:ly melt"
yield concentrations for Ca2t, Mg2*, Nat, Kk*, TDP, TP and NO3~ which

are, on the average approximately 457 less than those samples taken from

=

the discharging plot (Table 4-8). The differences between piot runoff
and diversion layer exported mass listed in this Table cleat“ly indicate
enrichment during the 3 May runoff for all nutrients except Mg2t, With

reduced concentrations, the same pattern is evident on 7 May, with the

exception of Calt. , . ,

¢

The nutrient concentrations measured directly from the saturation

L3

layer for 3 May are slightly elevated above the con\éentrations deter-

mined for the upper snowpack prior to melt. ‘This wguld be expected 1f

the exsolving process discussed by Seip (1980) and Johann’eson‘ and

‘Henriksen (1978) occurs.

/ Y.

4.3.3 Implications of snowmelt water diversion for mass balance.

The occurrence and duration and hence significance of downslope
snownelt diversion i{s a product of snowpack stratigraphy at beak snow-
year, the intensity of melt and the density and structure of vegetation

’

in the snowpack.

e hwd T . . e by premn B ATE A e Ve ey eenac s
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The less pronournced the stratigraphic density differences within

the subarctic snowpack, the greater the potential for interaction of’

meltwater and the underlying vegetation litter and soll surface. The

9

relative 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 stratigraphic layers within the snowpack could divert a
significant percentage” of the snowpack's ionic composition into water
b‘qdies with 1little, if any, Iinteraction with the vegetation, litter and
soll at the base of the snowpack. 'Therefore, an increase in stratt-
graphic layers capable of diverting snowmelt will reduce the nutrient

D)

flux from land to water body as scour 1s reduced.

4.3.3.1 Diversion of mely':water by ice layers

Seip (1978) discusses the/ frequent occurrence of seasonal thaw and ,

subsequent freezing in Norweglan snowpacks as being a significant factor

in reducing the contact between meltwater and soil. ' Although the
"occurrence of ice layers 1in the snowpack in this region\is rare (Price

and Dunne, 1976; Manuel, 19}33), formation of ice layers wilhin the snow-

" pack would increase the displacement of meltwater downslope. More !

probable than the form;tion of ice layers within the snowpack due to
rainfall or thaw-refreeze periods during the snowyear is the formation
of an ice layer on the ground surface by freezing rain in late fall. In
the autumn of 1979 such a storm blanketed the -Schefferville regi‘o\ﬁ‘ with
an ice layer up to .5 cm thick. Within a few days, an int:ense5 storm
deposited approximately 25 cm of snow on the landscape. The ice layer

persisted well into December, when it appeared to have melted - primar-

ily, it is assumed, due to heat flow from the soil to the air column

»

- - ) : R .

W
.
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;bove the snowpa;:k. A combination of climatic factors could result in
the per_'sistence of an 1ice la}gr at- the base of the pack through the
-snowyear. This ice would reduce the contact of meltwater and ground
gsurface at least during the init;“i\al portion of the discharge' when the
flux of h,ydrogen ions out of the s;\ow column 1s high\esg:.

\

\

\
4.4 Mass balance of the ruynoff plots'

v 4 !

Nut}:ient mass balance c'alculatio\f\s of the runoff plots enable an
accurate evaluation of snowmelt runoff i‘x\lteraction with the ground vege-
tation, litter and- soil surface at‘the I\J\ase of the pack. In order to
calculate the daily flux of nutrient mass 'f«x\'om the runoff plot, the mean
concentration of‘che‘discharge' gamples for \‘e‘ach day was calculated and
multiplied by the concomitant daily discharge. The number of samples
taken daily was primarily a function of melt intensity. During very(
cool periods when discharge from the runoff plots vas reduced to more or.
less a ?ﬂ‘ckle only one sample was taken. Up to six samples were taken
during‘perioé's“'o? intense melt. i

An aqlternative method of evaluating tt;e mass flux from tl}e plots
involves calculating blocks 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 ;;ime would
then be applied to a certain period of time on the hydrograﬁh which
would correspond to a specific melt water volume. The coﬁcentration‘

‘times the designated volume wo;xld produce a block of mass discharged

du;'ing that period of time.

Q/: . . . . |
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The daily mass flux would simply be the sum of the bloc. -,isses
determined for gach day} The pfobiem with this calculation 1slthat ft;,
accuracy may only be as good as ;he former method where thé daily’meanl
concentratioﬁ is used. The inaccuracy 1s focused on the assumption of’
what volume corresponds to a'particular measured concentration. The
error involved here could be large. The potenfial for error is illusj

trated in Figure 4-4, which shows the hydrograph sampled in the forest
' S

meltwater runoff plot on 31 May 1980. In the initial hydrograph (a) the

divisions pertaining to the sampled concentrations are chosen arbitrar-
ily and the mass contributiong to the outflow are calculated. The

total mass of TP is 11,833 4g. The mass flux calculation dsing the mean

" concentration is 12,470/4g. In the second hydrograph (b) in Figure 4-4,

the arbitrary boundaries are shifted by 1 hour. The resulting totai
mass flux of TP is .now 12,083 ug. It 1s thus deménstraﬁed-that assign-
ing the position of the arbitrary boundaries may result in substantial
errors.

Scheider EE.El: (1979) examine various methods of accurately evalu-
ating the P mass discharging in streams. They state that éontinuous
measurement of discharge and occasional‘sampling for [P] déterqination
produces an accurate estimate]of‘the actual P mass discharg;.

According to their work, the [P] determined at the midpoint of the '
time interval in question results in the most accurate e;timation of the
P mass discharging in streams. Application of this method to the data

illustrated in Figure 4-4 results In an estimation of total mass dis-

o

charge for this 24 hour period of 10,430 ug; somewhat less than the

estipates given above. An alternative method discussed by Schelder et

El. (1979) uses the mean [P] at the endpoints of the sampled time

Cad
>
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interval. Incorporation of this method v‘zith the example shown In Figure
4-4 rBsults in a total' mass discharge of 13,096/4g.' It’ is assumed that
a mean of several samples taken through the time period--in this case 24
* hours (the method employed in this. stuc}y)--would be more accurate than

the two preferred methods listed by Scheider et al.

4.4,1 Tundra plot mass balance

*

About 95 percent of the snowpack in the_‘tundra plant cofnmunit:y in
the Elizabeth Lake catchment melted between 26 April 1980 and 2 May
1980. The melt was interrupted on 1 May 1980 when ambient alr tempera-
tures eropped below freezing (~5.2°€, recorded in Schefferville). The
remaining snow in the runoff plot melted and discharged on the following
day. The dz;ily 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 listed for daily mass flux. The
initial value 1s that calculated from the actual daily volume of water
discharging from the plot. During the total ‘melt period, there was an
11.3%2 discrepancy between the estimated volume of water in the snowpack
(after the error of the sampling method for water equivalence determina-
f:ion wag 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 soll was frozen (section
3.3) and evaporation was close to zero (section 3.3) it is assumed that
most of the 11.3% discrepéngy can be accounted for in the leakage. Thus

the second number listed In brackets for total daily mass includes the

Kl

11.3%, assumed to discharge proportionally to the daily melt patterm. -

w
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sble 4-9, Daily flux of nutrients from( the tundra plat.
CaZ* Mg2* Na* K+ -TOP P NO3™
(mg) (mg) (ma) (mg) (mg) (mg) (mg)
pril 26 38 (a3) 18 (21 36 (40) 17 9 2.80 (3.16) 3.74  (4.22) 27 (31)
27 22.  (25) 27~ (31) 73 (82) 73 (82) 1.96 (2.21) 3100_1 (3.38) 29  (33)
28 281 (317) 12 (120 320 (361) 135 (152) 7.62  (B.58) 18.20  (20.60) 126 (139)
29 1,060 (1,192) 595 (671) 2,310 (2,608) 992 (1,118) 26.80 (30.20) 44.60 (50.30) 1,060 (1,192)
30 1,580 {1,775) 869 (9';9) 2,120 (2,387) 1,520 (1,714) 34.40 (38.80) 59.80 (67.40) 543 (612)
iay 1 - o (0) 0 (0 0o (0 0 (0 0 (0) o (0
2 162 (183) 108 (124) 123 '(158)‘ 140 (158) 5.05 (5.69) 6.25 (7.04) - 132 (148)
‘ 3,140 (3,530) 1,750 (1,950) 4,980 (5,640) 2,880 (3,240) 75;:.7nr (B8.7D) 136.00 (153.00) 1,910 (2,15.6)

-
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Figute' 4-5 1illustrates the relationship between daily plot.

discharge and nutrient flux'. Generally speaking "the mass flux appears
to follow the d%}scharge pattern. This 1s particularly true for ‘Ca2+,
Mg2t, k*, TDP and TP. The maxim;.nn f\lux for Nat* and NO3~ occurs one day
prior to the maximum snowmelt runoff.’ For Nat th; mass dischargling
during peak runoff is still high. N03: flux the day ptjior to peak
runoff amounts to approximately 52% of the total NO3™ mass discharging
from the tundra plot. The day of peak /,@:aliwater discharge,
approximately 28% of the measured NO3~ mass diécharges ‘from the plot.
This is most likely attributable to reduced NO3~ availal;le for scour by
meltwater runoff.

The ionic mass discharging from the tundra plot on 2 P‘Iay 1980 1is
thought to be a partial product of the diurnal freeze-thaw cycle common
at this time of the year_when‘ the insulat;.ng capaclty of the snowpack is
much reduced. The Ca2+, Mg2+, and NQ3~ concentrations in the meltwater
runoff of 2 May increased significantly after the freezing period of 1
May 1980. This indicates that the freeze and. subsequent thaw may be
important in releasing nutrients from organic matter at the base of the
snowpack. -

Linear regression between daily mltrient concentrations and dis-
charge for the tundra runoff plot yielded no significant (95% CI) rela-
tionships. This 1s not surprising as the iayers at‘the base of the
snowpack with which the meltwater 1is interacting a.re c)omposed'.# of
essentially three separate units; soil surface, mor and ground ve:geta-
tion. Thaw along the slope within these units will be progressively

greater the further downslope as the volume of meltwater flowing down-

slope at the snowpack base would Increase. Discharge at anytime during

v

3
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the melt would reflect the sum product of thaw evenfs aloné the slope.
As such, a clear cut pattern may not develop as different units at the
snowpack base will have different availlable-scourable nutrients.

The results of the mass balance for all n‘utrients in the tundra
plot are presented in Table 4-10 employing the estimated snowpack mass
and the measured discharge. With tl'le exception of NO3~ the calculated
mass balances indicate substan\tial scouring -of nutrients from the
organic matter (a?nd soil surface at the base of the snowpack. Enrichment

of meltwater 1s calculated in the following manner;

Dischdfge mass ~ Snow mass
x 100

Snow mass

Enrichment of the meltwater runoff from the tundra sampling plot is

frighest for TDP _(353%); other nutrients also show substantial scouring:

k> Nat) Mg2t) TP) Ca2t (Table 4-10). For NO3~, approximately 4% of the

mass originally 1in the runoff plot snowpack 1is retalned, presumably

adsorbed by the vegetation and soll surface at the base of the snowpack.

4.4.2 Open spruce-lichen woodland runoff plot mass balance

4.4.2.1 Estimation of dally nutrient mass: contribution from the

4

snowpack

In order to determine the daily change in snowmelt runoff chem-
istry, that is whether retention of snowpack source nutrients or scour
of nutrients ‘from organic matter occurred, the daily contribution of
nutrients from the snowpack to the base of the snow was ascer?’ained.
This wa;s.‘ possi}:le in the woodlan\c\!jﬂgd forest snowpacks due to. the

presence of diversion layers. Absence of a diversion layer 1n the
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Total nutrient mass discharge from meltwater runoff en-

original snowpack nutrient mags at peak;snowyear
and resulting enrichment of snowmelt water attributed to
scouring of available form nutrients during overland flow.

Total mass Flux

Snowpack mass

Scoured mass

% Enrichment

N

Tundra R
TOP ug 8.87 « 10° 1796 v 184 6.91 » 104 353
TP ug 1,53+ 10° .61+ 107 .92 « 105 151
N03~ mg 2.16 -~ 103 ' 2.24 » 103 - .08 . 103 -4 retention
Col* mg 3:53 - 103 2.13 v 103 1.40 * 103 66 :
MgZ* mg  1.95 = 103 .74 - 107 1.21 ¢ 103 164
Na* mg 5.64 + 103 z.01 + 103 3.63 . 103 181
K* mg 3.24 . 103 .84 - 103 2.40 103 286
4
.

Woodland _
TDP ag 43.33 + 104 9.10 ~ 109 34.23 - 104 376
P ag 7.22 < 10° 2.79 + 10° 4.46 + 10° 160 )

’ i
NO3~ mg  8.32 s 107 5.09 + 107 3.23+ 103 63
ca?* mg 13.82 . 107 7.95 « 102 5.87 - 103 74
Mg2* mg  3.94 s 107 2.54 » 103 1.40 +» 1073 55
Ne* mg  10.19 , 103 7.31 » 103 2.58 . 103 35
K+ mg 9.19 + 103 2.28 . 103 6.91 « 103 303
Forest
J0P g 29.91 ¢+ 10% 11.42 + 10%  18.50 . 10% 162
TP ug 7:16 .« 10° 2.70 : 10° 4.45 v 107 165
NO3~ mg  11.40 » 107 6.89 « 107 4,51 + 103 65 7
Ca?* mg 20,37 . 103 5.88 * 103 14.49 » 103 246 _

, . )

Mg2* mg  7.99 . 103 2.34 , 10’ 5.65 v 103 . 281
Na* mg 16.84 , 103 6.19 + 103 10.65 * 1073 172
K* mg 13.13 , 103 2.89 . 103 10.24 + 103 354

el
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tundra snowpack eliminated the possibility of separatipg the daily ‘snow-
pack nutrient cogtri}‘mti?n from the runoff plot discharging nutrient
pass. :!

Estimation of the nutrient flux 1from the snowpack was based on
samples taken from the upper portion of the snowpack defined above
(sectiuon 4.3.i) as ttle diveugsion layer. The sampling method is dis-
“cugsed in Chapter 3. The nutrient flux pattern for the diversion layer
was also used for the lower portion of the snowpack. Fhk th"stification
Jfor this is that the l;wer portion is 1initially similar in chemistry
(section 4.2) and snowpack structure (stratigraphy, density, water
equivalence -~ Chapter 3) to the upper layer. Further it is assumed that
the oréanic litter composition within “thé“ upper and lower snowpack
should be similar as both portions of the snowpack are subjeet to simi-
lar organic matter deposition because the source, ,the surrounding vege-
tation, re?ains essentially the same through the snowyear.

The pattern of ion exsolving in the snowpack varies according to
the nutrfent. Basically, the pattern 1is gs reported b); Seip et al.
(1980); that 1s, a significant portlon of the ions are exsolved out of
the snowpack during the initial 307 of the melt.

During the initial 307 of melt from the diversion la\yer, the fol- \
lowing percentages of specific nutrient mass initialiy present therein
are discharged: TDP (85%), K* (77%), TP (58%), N0~ (56%), caZt (55%),
Nat (53%), Mg2+l(512). Flux of thélremainipg mass of nutrients during
the final 70% of the melt runoff.was determined by assyming that mass

discharge would be discilarge.d evenly on a weighted mean basis with melt-

water discharge.
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This method which assumes equal mass discharge per unit of snowmelt

water discharge is basically inaccurate; however, because of the absence
Ses

" of daia or a better method of simulation it will suffice. In the melt

period the initial mass flux during the final 70% of wat;r discharge
wili contain proportionally more mas; thén that discharging during the
latter period. Data published by Johannessen and Henriksen (1978) re-
sulting from field lysimeter and laboratory snowmelt studies show that
during the latter 507 of the melt period, the curve describing the mass
flux of nutrients follows the hydrograph, suggesting proportional mass
flux with meltwater discharge. The water discharge recorded after the
initial 307%Z and prior to the last 507 discharge of meltwater volumé had
more mass per unit discharge than that found during the last 507 of
meltwater discharge, and significantly less than samp}ed in the initial
307 melt.

In terms of the total chemical mass balance for the runoff plots,
any error resulting from the weighted mean calculation for mass dis-
charge will be miniaal as the displacement of maég should balgpce out.

'"In order to estimate the nutrient mass flux, the uppe; and lower
snowpacks are each divided 1into two melt events; Fhe initial 30% and the

secondary 70%. For the two events in the upper snowpack, the volumes

are calculated such that they can be used to estimate the flux of nutri-

ents out of the snowﬁack on a daily bagis. The hydrologlcal discharge
f

It

for the lower snowpack is evaluatéd in similar fashion for the sdme pur-

f ‘v
pose. <
&

As a.saturated layer was first obsigved 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 contributing meltwater.

o

: k)
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4;4.2.2 Nutrient input to and output from the woodland runoff

plot

Figure 4~6 1llustrates on a daily basis; a) the measured/calculated

snowpack meltwater mass flux to the ground, b) the measured mass flux

from the woodland plot and F) the difference between these two measure-
.ments which is assumed tobbe:the mass of nutrients largely scoured‘fézm
the base of the snowpack. The pattern of mass discharge from the wood-
land plot>vaguely résembles the bimodal snowmelt runoff hydrograph. The
daily values for each lon are -listed in appendix C. The total mass

balance for each ion is listed in Table 4-10.

\_For ail‘measured ions, on all snowmelt days 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 Nat had the least enrichment (55%). The

possibility of error in calculating the latter 707 of the snowmelt mass

flux boeh\within the diversion layer and the large underlying snowpack

has been acknowledged. Implementation of‘dgta. more attuned with the
actual snowmelt runoff‘contributions at thig time would 1likely result in
decreased scour during the 18, 19 May (when the inltial 20% of the final
70% of runoff \from the larger snowpack occurs) and increased scoug
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 5.

~~



i

- 148 -
Figure w«=-6 Nutrient scour pattern during the
1980 springmelt in the woodland
meltuater runoff plot.
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4.4.3 Closed spruce-moss forest runoff plot mass balance

4.4.3.1 Estimation of daily nutrient mass contribution from the

Iy

snowBack

During the melt period, the daily contribution of snowpack nutrient
mass to’the baéé ;f the snowéack was assessed in the same mgﬁker as des-
cribed 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'éhe initial 30%7 of meltwater discharge from the diversion
layer in the forest runoff plot, 50% of the NO3~, Nat and Mg2+; 55% of
the TP and 80% of the K', Ca2t 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 is determined in 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 to the larger 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 hadﬁclearly broken down and a saturated
layer formed at the base of the sgewpack. For a four day period (14,
15, 16, 17 May) there 1s nutrient contribution from the upper pack and
the lower pack. (The divigsion of melt for these days is asgumed to be

502 from the upper and 507 from the lower pack. An error in this esti~

mate of even 50% would not affect the nutrient flux significantly.

q
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4.4.3.2 Nutrient input to and output from the forest runoff plot \

Figure 4-7 illustrates on a dally basis; a) the measured/calculate i

snowpack meltwater °nutrient mass flux to the base of the snowpack, b

the measured nutrient mass flux from the fore%t plot and ¢) the s N
difference between these two measurements which 18 assumed to &e the\ \;
mags of nutrients largely scoured from the base of| the snowpackx The\ \\
daily values for each ion are listed in appendix |D. The tota# mass\ ‘ \\

|
budget for each 1on 1is 1ligsted in Table 4-10. ﬁhe calculated! mass Vi
balance indicate’ significant scouring of all nutrients from the bage of

the snowpack. Enrichment is highest for K% (354%) ;nd lowest for|NO3~

(65%). The scour of nutrients from the ground vegetation, mor andisoil

\
surface is examined in greater detail in Chapter 5. |

——
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Figure 4~7: Nutrient scour pattern during the
1980 springmelt in the forest
meltwater runoff plot.
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4.5 Conclusions /

This chapter has defined and discussed the f\ormation and daily flow
pétterns of discharge and nutrient mass within t'7‘he diversion layers in
the woodland and forest snowpacks. It is shown that the stratigraphy of
the snowpack can play a role in diverting meltwater downslope prior to
contact with the ground surface. :

Whether this process occurs each spring is unknown, though diver-

sion of meltwater downslope by 1ce 1layers 1in snowpacks 1n temperate

areas has been reported (Colbeck, 1977; Seip, 1978), diversion of flow

resulting from dense snow strata is unréported. The timing of the
diversion has potentially significant repercussions on aquatic systems
receiving the diverted water as 1t occurs during the -initial period of
the melt wher'}' a great proportion of the ionic ‘content of the snowpack is
exsolved. Bypassing of the ground layers - potentially' capable of buf-
fering the 1initial acidic meltwater ruqoff ~ ensures that the water
bodies receiving this portion of the melt water recelving a high concen-
tration of HY. The significance of this process is a prt;duct of the
stratigraphic density differences and the percentage of the snowpack.
water equivalence affected (i.g.; the depth of the diversion layer with-
in the snowpack). .

This chapter has examined the ‘terrestrial 'nutrient mass balance
during springmelt runoff. It has been esgtablished that significant
magses of all nutrients examined, except NO3~ in the tundra, are scoured

-4
f ‘

from the organic layers at the base of the snowpack.
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CHAPTER 5

NUTRIENT SCOUR PATTERN IN THE WOODLAND AND FOREST P COMMUNITIES

5.1 Introduction

This chapter investigates the dally pattern of rjxutrient: discharge

from the woodland and forest runoff plots throughout the melt period.
Emphasis 1s placed on the two peak periods of meltwater discharge to
discern. changes in pattern which may o¢rovide insight into the
interaction of meltwater and the‘ organic horizons and mnineral soil

!

surfage at the snowpack base.

'

[
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5.2 The daily pattern of scoured nutrient flux from the woodland and

forest runoff plots.

It is of interest to determine whether the difference in snowmelt

water between the first and 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. A

Based on the runoff plot data, significantly more Calt, Mg2t, Nat,
Kkt and NO3™ mass 1is scoured from the base of the forest snowpack than
from the base of the woodland snowpack. Only greater masses of TP and
TDP are scoured from the woodla;h site. Cémparative masses are listed
in Table 5-1. Due to the greater water equivalence of 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 expégted given equal volumes
of discharging water from each site. The cor%ected values for the
forest runoff plot are listed in brackets beside the actual values. A
comparison of forest and woodland scoured nutrient mass flux is
expreséed in ratio form. |

During the.woodland and forest snowpack(zéli‘there are three dis-
tinet periods of scoured nutrient 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 periods of meltwater ruﬁoff

¥
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Table 5-1, Total scoured nutrient mass from forest and woodland
meltwater runoff plots.

forest Woodland
(mg m-2) Ratio? (mg n=2)
Cal+ 161 (1397 2,011 69
Mg 2+ . 63 ( 54) 3.38:1 16
K+ 114 ( 98) 1.2141 81-
Na* . 118 (102) 3.00:1 34
P ‘ 5 . ( 4) 111.25 5
Top .- 2 . «n t:4 4
NO3~ 50 ( 43) 1.13:1 38
meltwater
— discharge (L) 36740 (31796) 1:1 31796

TThe values listed 1in brackets represent the scoured i1on mass from
the forest equilibratéd with respect to the water equivalence of
the woodland runoff plot.

2The ratio expressed 13 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 TDP for
both the forest and woodland and NO3~ in theéwoodland. For these cases
there 1s no initial peak of scogred mass.

For the sake of comparative .dlscussion of nutrient discharge from
the woodland and forest snowmelt runoff plots, the initial peak 1s 1g-
nored as it contributes relatively insignificant proportions of 'the
total scoured nutrient mass. The two large peaks of scoured nutrient
di;charge from the forest ploé occur beétween 14 and 19 May (inclusive)
and the 27 and 31 May (inélusive). The peaks at the forest site account
for 30.7 and 49.6% of the total‘meltwater discharge respectively. The
discharge recorded at the woodlanld runoff plot during each peak was
essentially equal, 42.7% and 42.9% respectively.

The two major peaks are im_pqrtant for comparative reasons because
the 1nitiqﬁq 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 meltwater discharge from the snowpack contains disproportionately
high fractions of the original ionic composition of the snowpack. The
second peaks of meltwater discharge from the snowpacks to the ground
surface are by comparison with the’chemistry of the initial pe§ks rathe;
dilute. For example, the flux of snowpack—-source calt during “the
initial peak in the forest snowpack runoff represents approximateiy 697%
of the total Calt originally in the gnowpack. The second peak dis-
charges approximately 13%Z of the snowpack's original Ca?t mass. This
disproportional discharge of Ca2t in thg forest snowéack is representa-~

tive of the pattern of the exsolving of other nutrients out of the wood-

land and forest snowpacks. ‘

By
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In the two plant communitx runoff plots the two peaks of discharge
account for between 71 and 84% of the scoured nutrients 1in the woodland

and between 56 and 847 in the forest. The percentages of nutrients

scoured during each peak in both the woodland and forest runoff plots

-

are listed in Table 5-2.
| Comparison of the first and second peak meltwater discharge perilods
for woodland and forest 1is made possibly by equilibrating the values
such that the total meltwater discharge for both initial and then both
secondary peaks are equal. This allows a comparison of nutrient avail-
ability between the woodland and forest plot during the 1initial peaks
and then during the second peaks. Table 5-3 below il{ustrates this com—
parison. During the initial and secondary peaks nutrient availability
18 much higher per unit of discharge in the forst meltwater runoff, this
is especially so for ba2+, Mg2+ and Nat during the second peak. The
only exceptions to this are TDP and NO3~ in the first peak and TP ahd
TDP in the second where the scour, per unit of discharge is higher in
the woodland plot. h
The apparent differences in nutrient mass available for scour by
meltwater in the woodland and forest plant communities are thought to be
a product of the increased organic matter in the forest. Werren (1978)
reports that 1in the Schefferville region the 1litter fall within the
forest is significantly greater than that in the woodland. This would
be expected as the standing bilomass 1s observedly greater than that in
the woodland. The greater mass of TDP available for scour in the wood-
land may be due to the notable (observed, not measured) accumulatibn of

dwarf birch leaves on the lichen mat in the fall. Moore (1984) reports

that in the subarctic approximately 637 of the first year litter decom=-
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Table 5-2, The percentage of total nutrient scour recorded during the
first ‘and second major meltwater runoff peaks i1n both forest

and woodland runoff plots. .

*Forest ,w°odland .
18t Peak Znd Peak 1st Peak 2nd Peak
% v % % %

Ca2* - 25.84 ( .83)*%  57.89 (1.17)* 59.84 (1.40)* 17.86 ( .42)*
Mg2+ " 38.75 (1.26) 45.38 ( .92) . AY.E3 (1.11) 24,84 ( .58)
K+ 32.34 (1.05)" 48.21 ( .97) 37.40 ( .88) ~ 43.00 (1.00)
Na* 17.21 ¢ .56) 61.38 (1.25) 31.90 ( .75) 40.08 ( .93)
P 35.54 (1.16) 20,70 ( -.42) 35.63 .( .B4) 41.80 ( .97)
ToP 35.82 (1.14) 38.71 ( .78) 45.42 (1.06) 33.97 ( .79)
ND3~ 20.05 ( .65) = 63.87 (1.29)° 32.20 ( .75) 52.59 (1.22)
Q 30.72 49.56 42.66 .. 42.98

Al

L
* Scour efficiency 18 given in brackets. This 1s defined as the per-
centage of scour per percentage of discharge within each peak.

.



‘

-

.

Table 5-3. A comparison of nutrient availability between the woodland and forbaé‘plot during
7 the first and second major meltwater peaks.

. 1st Peaks 2nd Peaks Y
Forest . Woodland Forest Woodland
(mg mi=2) Ratio? (mg m=2) {mg m-2) Ratio (mg m-2) A
.Cal+ 41.06 - 1.20:1 41.0% ”(5b.17)1 95.2 7.§:1°) 13.26 (!5.32)
"Mg2* 24.33 2.711:1 10,73 (8.97) 28.49 7.011 4.07 (5.09)
K+ 36.79 1.46:1 30,23 (25.15) 54.76 1.26:1 34.77 (43.48) .
Nat 20.36 2.28:1 10.78 (8.93) 73.23 4.{5:1 13.48 '(16.84)
TP 2.02 1.13:1 2:!5 (1.79) 2.18 1:1.25 2.18 (2.72) ‘
TDP .72 1:2.10 1.82 (1.;1) .80 1:2.13 1.36 ,(1.70)
ND3~ 10.05 1:1.01 12.17 (10.13) 31.99 1.29:1 19.88 (24‘.84) i
Q (L) 11286 1:1 13564 (1128%) 18208 13665 {(18208)

1 Since the discharge of meltwater between the forest and woodland differs for the fst and
2nd peaks, the woodland values were multiplied by a factor equilibrating the discharges.
2 The ratio expressed 18 that between the equilibrated woodland values and the real farest
values.
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position occurs between just prior to the formation of the annual snow-

g

pack and the end of the snowyear. Moore (1983) reports a substantial
/ ‘
fraction of the decomposition which is reported at this time occurs in

late aautumn. Régardless of the timing of the decompasition, .the bypro-

E]

ducts of this process - available nutrients - would be subject to scour

by meltwater during the spring melt.
The:; change 1n scoured nutrients per unit of'discharge is evident
between periods of peak discharge in both plant communities (Table

[

Va
5-3). The only exceptions are TP, Nat and Kt flux ig the woodland run-

off. This change for most nutrilents indicates that gh

El

changes through the melt period. v i .
l For Ca2+, K'Y, and TP the pattern of scour differs significantly
between the woodland and forest runéff plots. The woodland pattern
;hows a high scour of CaZt in the initial peak diminished significantly
in the second peak. This’ is reversed in the forest plot. 1In germs of
gcour efficiency K gcour in the forest plét 1s somewhat greater during
the first of the two ﬁajor pe;ks of mass discharge; this pattern 1is
reversed in phe woodland plot. In the woodland plot runoff, TP mass
scoured during the second peak is slightly greater than that recorded f
the initial peak. 1In the forest runoff, the scour of TP is much more
pronounced during the initial peak. Scour patterns between the two PTun-
off plots for Na+,‘Mg2+, TDP and NO3™ are the same. Certain assumptions
\

can be drawn with regard to the pattern observed in Table 5-4.

A reduction in the supply of nutrients from the firét major dis-
charge peak to the sgecond peak éeans eiﬁpar one of four things occurs,

! bl

or a combination of all: 1) adsorption of nutrients by thawed soil at

the base of the slope, 2) absérétion of certaln nutrients (P, N) by

\

[ ) . s s . .
PTRNREEYY. , PO Y S S . i

source of supply
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Table 5-4. -Nutrient scour during the first and second

major meltwater runoff peaks 1n both forest
and woodland runoff plots.

Forest
18t peak 2nd peak
. scour scour s M)
> (ng m~2) Rat1io (mg m-2)
1
Calt* 41.06 1:1.412 93,2 (57.77)1
Mg2+ 26.33 1.38:1 28.49 (17.66)
K+ 36,70 1.08:1 54.76 (33.94)
Na+ 20.36 1:2.23 S 713.23 (45.39)
TP 2.02 1.49:1 2.18 ( 1.35)
TDP .72 1.4411 .80 ( .s50)
NO3- - 10.05 1:1.97 ° 31.99 (19.83)
- Woodland
1st pesak 2nd peak
scQur scour !
(mg m-2) Ratio (mg m—2)

' Cal+ 41.07 3.38:12 12.26 (12.16)1
MgZ+ 10.73 T2.66:1 4.07 ( 4.04)
K+ . 30.23 111,14 34,77 (34.51)
Na* - 10.78 1:1.24 13.49 (13.38)
TP 2.15 1:1 2.18 ( 2.16)
TOP 1.82 1.35:1 1.36 ( 1.35)
NO3~ 12.17 1:1.62 19.88 (19.73)

1 The fiqures 1n brackets represent the equilibrated

scour values,

The equilibration has been conducted 1in

accordance with the volume of meltwater discharged
during the 1niti1al peaks 1n the forest and woodland

runoff plots respectively.

2 The ratio expresged 1s that between the equilibrated
2nd peak values and the actual 1st peak values.
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shallow root systems or microbial organisms, 3) reduced supply of -nutri-
ents avallable for scour and 4) reduction of catlon exchange as the
ionic content in the snowpack 1s depleted significantly by the time the
gecond major discharge 1s recorded. An increase in nutrient supply from

-

the .first to second peaks 1§ attributable to continued thaw in thé
organic layers at the -base of the snowpack and therefore inc;eased sup-
ply of certain nu}:rients available for sgour.

Deciphering the pattern of mass discharge Is aided by considering
the’ relationship between discharge and the amount of mass scourea 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-
charge on mass output 1s statistically invalid if the results are used
to pr;adig:t mass flux as the mass used in the relationship 1s a direct
product of the dependant variable - discharge. Tixough statistically
invalid for predic[‘t;ive purposes, it Is used here as a method of com\-
péting the two periods of peak discharge within each runoff plot.

In the woodland runoff plot a pattern exists for K', TDP, TP and
NO4~ where, during the primary peak (14—19‘May, inclusive) the wat;ar
ciischarge-mass discharge relationship is non-existent except for Mg2+,

2+ and

during the secondary peak for each of these nutrients and Ca
Nat however the relationship 1s statistically significant (Figure 5-1).
In other words during the initial 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

similar pattern 1is evident for Nat discharge theugh the regression co-

>
ot

[td
efficient during the second peak is not significant. The pattern of,“is

somewhat different than that described for the other nutrients. During

i



- 163 -

~ e

Figure 5-1.

’

Linear relationships between mass and discharge tor the

&
1St(2o2) and 20d(2 o 2y peaks of intense nutrient scour,
woodland meltwater runoff plot, Llizabeth Lake, Labrador.

The significant relationships are listed below tié figure

for each nutrient.
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Linear relationshiips between mass and discharse
for the 151(42~) and Md@ 52~ peake ot 1ntinsc

¢ nutrient scour, torest peltwater runoft plot,
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the initial peak, the mass-discharge relationship is stronger than ;p

the latter peak.

.

The forest runoff data exhibits patterns which are somewhat differ-
ent .from that found in the woodland (Figure 5-2). The initial pattern
identified for xt, TDP, TP, NO3™ amj_Na+ in the woodland is evident for
kt, TP, N0o3~, Nat, CaZ* and Mg2t mas;;flux in the forest plot, though
for the weak initial discharge peak ;eiationships exhibited for NO3™,
Na*, cat ;nd Mg2+, the regression coefficlent 1s negative. : The second
peak linear regressions are significant for only TP, TDP and Nat.

The pattern 1in the woodland strongly suggests that the early

~——

scoured nutrient mass is .a product of factors other than the discharge
of water. These factors include availability of nutrients at the base
of the pack and the release of a significant percentage of the snowpacks
ion mass during the first discharge peak. —

The pattern of mass discharge from the runoff plots 1Is a result of
a complicated set of Interactions involving the exsolving of ions from
the snowpack to the grOundlsurface‘and the thawing of surface vegeta~
tion, mor and soil beneath’the snowpack through the melt. The availa-
bility of nutrients for scour during the initial major runoff peak 1s
limited as the organic strata beneath the snowpack is still part?ally

frozen. The potential for catlon exchange with the organic layers at
———
this time, though high due to the chemistry of the meltwater, is negated

somewhat as the number of potential exchange sites are restricted by the

7
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frozen state of the organic layers and soll at the base of the snowpack
in both the woodland and forest plant communitfes. By the time the
frost has disappeared in the organic strata, the soll surface has begun

to thaw at the base of tha slopes--and a greater number of sites for ion

exchange are available--the
very dilute and the ion exchan potential gener;ted by snowmelt water
compared with the earlier peak, 1s\very low. '

Examination of the first major discharge peak of the forest runoff
plot for scoured nutrient mass revea::>\during 13-16 May inclusive, an
intial high flux of nutrients, after which~~desplite 1lhcreasing discharge
of ion rich meltwater on 17 and 18 May, the mass of scoured nutrients is
signific;ntly reduced (Figure 4-7). This abrupt reduction In scoured
nutrients is indicative of restricted supply and exchange sites due to
frozen potential sources. After a futher 20% of the forest snowpack

meltwater diséharged, a gsignificant percentage of the taotal plot nutri-

ent mass scour (for each nutrient) occurred during the second major peak

f

of meltwater runoff.

In the woodland runoff plot, the same abrupt reduction of scoured
nutrient mass recorded in the forest ruﬁgé; plot is not evident (Figure
4-6). qIn the woodland site,ﬁwith the exception of Ca2+, Mgz+, and TDP,
the percentage of ;utgient mass scoured per percentage of discharge is
greater during the latter, more dilute portion of melt runoff than
during the initial lon-rich 30% of the meltwater runoff (Table 5-2). At
the forest site, TDP, Mg2+, Nat and NO3~™ have essentially the same dis-—

charge pattern as noted in the woodland runoff plot; the patterns for

K*, Ca?t and TP are dissimilar. For Mg2t, k', TDP and TP, scour per

* litre of meltwater dischaige is greater in the initial 307 of the melt



<«

- 167 -

when the meltwater has a relatively high concentration of snowpack
soul"ce ions. It seems apparent that in terms of total scoured nutrient
mass discharging from the woodla«nd and fo;esc snowpacks, cation exchange
plays a secondary role to the physical action of flowing water. ’

Comparahtive pH values of the snowpack water and corresp‘onding plot
discharge runoff water indicate that in both the woodland and forest
snowpacks buffering by the ground layers and soll appear minimal during
the initial exsolving of ilons -Out of the snowpack,

Samples of meltwater taken during the inttial 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 in the forest snowpack. Though the
pH of the initial 307 of the meltwater runoff from the larger portion of
the snowpack to the ground surface was not recorded it 1s assuxped to
approximate that measured in the diversion layer.

The pH of the meltwater dischargi;xg from th; plots during® the

-

initial 30Z of discharge from the larger portion of the snowpacks ranged
4

between 4.1 and 4.30 in the woodland and between 4.15 and 4.40 the
forest plot runoff. The slightly elevated pH's 1in the discharging

meltwater refledt relatively low buffering by the organic matter at the

snowpack. :I‘hls reinforces the statement above which
attiributes the frozen strata at this time to low potential for: 1) ion
exchange and 2) flushing of avallable nutrients from the base of the

snowpack.

5.3 Relationships between scoured nutrient concentration and meltwater

discharge.
Calculating relationships between concentration (scoured nutrients

only) an(}.‘,_glischarge for the forest and woodland runoff plots yields no

- A)
o

R

| ——
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‘significant relationships: This 1s not surprising as the layers at the
base of the snowpack which the meltw%g:er is flowing over and through are
composed of essentlally three séparate components; ground vegetation,
mor and mineral soil surface. The thaw along the slope within these
units will be progréasively greater the further downslope as the
downslope portions will receivé disproportionately more meltwater.
Discharge at anytime during the melt would reflec;t 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 available, scourable nutrients.

[y

i

5.3.1 Relationships between scoured nutrient concentration and time

Though pattern is not apparent in relationships between meltwater
and discharge-and nutrient concentration, patterns do exist between con-
centration and time. Examination of scoured nutr'ient: concentration on
successive days of runoff reveals patterns of increasing and decreasing
concentration of specific nutrients (Figures 5-3 and S—~4).

As notable scouring of nutrients occurs during the meltuperiod it
1s 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 in the forest runoff plot is
qotably different than that of the woodland runoff plot. In the forest
runoff plot there 18 a progressive lowering of the concentrations of‘
most scoured nutrients through the springmelt. The only exception is
NO3™. For the woodland snowmelt data there is a lack of pattern through
the entire melt perfod for Calt, Mg2*, Nat, X* and NO3~. For TP and TDP

however, a visible pattern exists wherein the concentrations of the
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Figure ,5-3: Daily scour concentration of nutrients from the
base of the forest meltwater runoff plot,
Elizabeth Lake, Labg_:ador.
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Figure 5-5 continued
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Figure 5-4: Daily scour concentration of nutrients from the [
base of the woodland meltwater runoff plot,
. Elizabeth Lake, Labrador.
<
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nutrient gradually reduce with time. For 'periods of time shorter than

the entire melt period patterns are evident. During the rising limb of ¢
the initial major meltwater runoff peak in the woodland snowpack (9-17 . vy
May 1inclusive), the pattern of concentration is, for‘all nutrients
except Mg2+, a mirror image of that portion of the hydrograph, reflect-
ing progressive dilution. Although dilutionx during this time is evident
for Caz+, the pattern 13 not as-.clear as the shown in the Na¥, xt, TDP,
TP and NO3™ data. Similar patterns of dilution occur in the forest(
discharge data exist for Mgz"' and N03~ and to a lesser degree for TP and
TDP. Caz"’, K* and Nat display peaks of pronounced increases in
concentration during the rising limb of the initial peak meltwater
discharge period iIn the forest.

The loss of available nutrients from the base of the snowpack 1is!
best examined during the last portion of the melt rather than over the .
entire melt period for’ it is during this t;‘ime when th’e organigﬁ_ layers
are completely thawed. Theoretically at this stage of the melt period, o
the meltwater has the potential to scour th;e ‘total mass of available
nutl‘ient:sl 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 last major meltwater: discharge peak period.

X
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During the {initial part of this meltwater peak frozen sections of
organic materiél were still present at the base of both plant community
snowpacks. Field observations revealed that by the time maximum dis-
charge occurred in this latter peak runoff period the frozen,organic
material had thawed more or less complgtely. On the upper portions of
slope isolated frozen patches of mor were found at this time. From this
point of complete thaw in thé forest runoff plog, 33%Z of the snowpack
remains to discharge into the organic layers; from this point in the
woodland runoff plot approximately 307 of the woodland snowpack has yet
to melt. A significant volume of water therefore remains to flush
available nutrients from the recently thawed organic matter at the base
of both plant community snowpacks. -

The pattern of lowering-concentrations is indicative of diminishing
supplies of available form Calt, Mg2t, Nat, K*, TP and TDP at the base
of the snowpack. The same can be said of TDP in ghe organic layers at
the base of the woodland 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 the northern temperate regions. The results of this work in the

subarctic indicate that on slopes, the snowmelt runoff scours signifi-

cant masses of nutrients in relation to that initially available in the
snowpacks and igirelation to that avaiiable 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 Moore (1983, 1984), it
is suggested that as significant amounts of decomposition occur in the

litter 1in these orgaﬁic layers duripg the snowyear that the available
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nutrients flushed out of the terrestrial system  during spring melt
represents a significant loss of nutwrients potentially available to
ff{ese terrestrial gystems.” This scouring would contribute to the
oligotrophic nature of subarctic terrestrial systems. Though the daily
pattern of ;cour i8 not known 1in the tundret, scour 1s recorded and the
process of snowmelt runoff here contributes to the oligotrophic nature
of the tundra.

3 ot

5.4 Potential adsorption and absorption of scoured nutrients on

thawed humus at the base of slopes

The gradual reduction in sEOured nutrient concentrations discussed
above may in p;rt be a product of adsorption and absorptim:x of available
m.xtrients by the organic matter, fungus ;>r microorgani_sms in the thawed
organic layers at the base of the sloi)es.

Differential thaw of org;nic matter at the base of the snowpack
occurs because the lower most portioms of the slopes will receive pro-

portionally more meltwater than the upper portions of the slo;%.

Division of meltwater runoff plot snowpack water equivalence in equal .

sectlons 1indicates the very upper section receives 1/N m3 of water at
the base of the snowpack. The lower most section receives N m3 of
water. On any given melt date it ’is assumed théit the game ratio
exists. The larger volume of meltwater would speed up the thaw of
ground vegetation, litter and upper layer of.msoil in .the 1lgpwer slope.
The speed of thaw of a particular portion of the slope is directly

proportional to 1ts location on the slope. >
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Becauge the downslope organic*‘matter will thaw first, it is feasi’-

ble that the nutrients scoured from the thawing upper portions of the
O

slope are adsorbed by organic matter, soil, 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 mdss

flux from the woodland and forest concerns the preferential adsorption

on humus and soil colloids of Mg?* and Ca2* over Na* and K*. Black

(1967:185) states that "dilution of a soil water system containing mono-
valent 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 1lit-
ter beneath the lichen mat in the woodland and moss in the forest is
reported by Hesse (1971) to adsorb relatively more Calt and Mg2+ and
relatively less K' and Nat. As the humus in the lower portidns of the
slope have thawed during the second major peak meltwater runoff period,
co;lditions would be ideal for the retent‘ion of Ca2t and Mg2*t scoured
from upslope. In the woodland runoff plot, the ratio of equilibrated
&with respect to meltwater discharge) scoured mass between the first and
second ma jor meltwater discharge peaks for calt ig 3.38:1; Mg2+, 2.66:1;

Nat, 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 divglent cations in the humus 1s the type
of pattern expected if this process is ongoing during the melt period.
The decrease in scour of avallable Ca2¥ and Mgz+ in the woodland runoff
from the first ;o gsecond 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. As more humus is thawed it 1s thought a greater propor-
tion of the available nutrient would be adsorbed and consequently the
concentration of these nutrients 1in the plot outflow would decrease.

In the forest runoff plot, the ratio of equilibrated scoured mass
between the two major discharge peaks is Caz+, 1:1.41; Mg2+, 1.38:1;

&

Nat, 1:2.21 and Kt 1.08:1 (Table 5-4). The pattern is dissimilar. to

. that reported in the woodland runoff plot and is not indicative of the

preferential adsorption of Ca2t and Mg2+ reported by Hesse (1971).
Whether CaZ+, Mg2+ adsorption occurs downslope 1s unclear from this
data. Though the ca?t concentration decreases through the second major
discharge peak, the actual s50ured mass per unit of discharge lacreases
from the first to the second major peak. ‘
In the forest plot, the pattern of decreasing NQ+ concentration
with time during the second major melt peak 1s thought to be a result of
depleting Nat availability rather than adsorption by thawing soil. Seip -
et al. (1980) state thaJLNd+ storpti?n to thawed podzol soil during
snowmelt event is poor. Thé soil was observed to be frozen in early
June. The NO3™ date (see below) indicates that the soils began thawing

‘\
on 4 June.
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The TDP runoff data during the latter melt period: in botﬂ woodland
and forest 1is thought indicative of decreasing supply rather than
adsorption by the soll because of the frozen soil. |

NO3~ 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 NO4~ is principally
absorbed by plant roots, fungus and microorganisms in the soil and

litter layer (Morrison, Pers. comm. 1983, Hendrikson et al. 1982) it is

thought the increase 1s indicative of a much reduced capacity of these -

L

agents for absorption. Low temperature is reported to inhibit NO3~ up-
take by microorganisms in the litter (Hendrikson et al. 1982). Hendrik-
son et al., add ‘that in the initial stages of decomposition organic mat-
ter acts as a nitrogen sini. Where litter is in advanced stage of
decomposition, the organic matter will become a notable NO3~ source. If
these observations apply to the humus in the woodland and forest plant
communities, continuing thaw of the mor at the snowpack base would yield
NO3~™. As it 1is reported that organisms in this freshly thawed matter
inefficiently absorb NOé‘, it 1s likely that the NO3~ 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 to increased biological
uptake of NO3~ though the temperature remainsnlow, saturated conditons
still prevail :and much of the soll remains frozen.

The increase in thé NO3~ mass in the second major meltwater runoff
peak in both woodland and forest could be due to a) thawing of organic
material and release of NO3~ or b) nitrification. Brady (1974) states

nitrification can begin at temperatures just above freezing but is

severely hampered by saturated conditions (see also Hesse, 1971), such

3
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at those at the snowpack base during melt. Had soil thawed substantial-
ly NO3~ mass reduction would ‘likely be evident as the root systems of
vegetation would readily absorb the nutrient.
5.5 Conclusions

In thiKs chapter dally exsolving rates for ions out of the woodland
and foreft 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 scouring of nutrients from the base of the snowpack
occurs during the spring melt. Though the total mass balances are dis-
cugssed in Chapter 4, the dally pattern of nutrient mass and concentra-
tion are examined in relation to discharge and the time of melt.

The frozen copditiofv of the organic layers and soil during the
initial major discharge peaks in both woodland and forest snowpacks
indicates thaf potential sites for ion exchange will be unavailable at a

time when a substantial proportion of the 1ions are exsolved from the

snowpack. The lack of buffering during the initial portion of the melt

'will result in the displacement of additional H' to water bodies receiv—

ing theL«meltwater. This has repercussions on the nutrient budget as
potentially exchangeable lons 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 is in part responsible for the oligotrophic status

-
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of eastern subarctic plant coumunities locgted on slopes. As decomposi-
tion during the late fall just prior to atmual anowpac‘k formation anci
during the snowyear is significant (Moore 1983) it is thought thatuthe
scoured nutrients are in part dissolved nutrients made availﬁble during
this time. Thus 1t is assumed t;hat this scouring represents a notable
factor in maintaining the oligotrophic status of the ternestrial sub-

»

arctic systems.
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‘ CHAPTER 6 \
1\ o ) !
SNOWMELT WATER - LAKE MIXING, DURING THE SPRINGMELT PERIOD. G

6.1 Introduction L .

Chapter 4 examined the.daily flux of nutrients from the terrestrial

!{l\
p‘rtion of the system to the lake, and the daily mass balance of nutri-
G eits enteriné, and discharging from the lake. It was concluded that a
substantial fraction of the P'(TP and TDP), K, Na* and NO3~ entering
4
' the lake duriang the springmelt period was retained within the lake.
¥ This chapter will examine the interaction of snowmelt water and
Elizabeth Lake water during the springmelt period.
Two metfxods are empio'yed to determine the degree of mixing. The ?
first method employs the natural isotopic ratio of deuterium/hydrogen as
- 8
a tracer of snowmelt water in the lake. The second examines the temper-)
- ature profiles taken during the sampling periods. A method 1s presented
which determines the temperature of the lake water in Ehe shallow 11t~

toral zone, given the calculated 'daily volume and temperature of in-

- & i
coming snowmelt water and the measured solar radiation input to the lake

£y e

“ v ' . water. 4 T

“

6.2 The interaction of snowmelt and lake water using Deuterium/Hydrogen

During the melt period samples of snowmelt runoff water,  lake
water, ice and lake dischargé water were taken and later analyzed f?r

° deuterium/hydrogen (D/H).
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In: order to use D/H as an efficient tracer of E:he snowmelt water
entering the lake, sufficient differences in D/H values between the two
water sources have to occur. Such 1is the case at this location; me;m
values recorded were: ~-l44 0/00; lake water, -131 0/00; blagck lce, =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 both from inflowin'g streams to Elizabe—th Lake and from
the meltwater runoff plots. Lakewater from various depths was sampled

N

on 1, 2, 3 June 1980, most intensively along a transect 1llustrated in

s

, Flgure 6-1. The discharge was sampled on 24, 31 May and 4 June 1980.

Black ice was sampled prior to and dluring candling.

The mean snowmelt runoff D/H value was ~-144 0/00 (range =140 0/00
to =145 0/00, n = 8). Lakewater showed little variation exce;t {n the
nearshore areas; the mean value was -131 0/00 (range; -128 0/00 to -133
0/6'0, 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
#€e concentration prior to and durin;g candling was =112 0/00 and -121
{

-—~-The results of the intensive sampling along the transect illus—
trated in Figure 6-1 are shown 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
. %
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-3 and G-7 respectively, Figure

6-2) indicate the influence of the melting black ice. The D/H values at

s ' .
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v Figure 6-2: Distribution of deuter{um/hvdrogen values in the lit.toral -
zone sampling site, Elizabeth Llake, Labrador. 2 June 1980.
Snow meltwater and lake discharge values are included.
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" _ the second site located a further 4 m offshore from G-3 in 1.85 m of

water, indicate relative uniformity from the bottom to the top of thg

«

water column. It 1s probable the bottom water sampled at site G-3 is

snowmelt watéer entering the lake; the progreééive reduction of wvalues
. the closer to the surface Ilndicates mixing with the lake wate}‘: By the
time the meltwater reaches site G-7 complete mixing with the lake water
appears to have occurred. This data strongly indicatés that the
incoming meltwater 1is Fflowing along the sediment-lake interface for a
short distance then mixing with the lake water. It is assumed that
* where ‘overland flow 1s contributing directly to the lake (which applies
to approximately 90% of the shoreline) Ehe snownelt water mixing with
lakewater will occur in a gimilar manner as ;bserved and described for . A
/ o - .
/ this site. .
Although a more intense sampling strategy along similar transects
extending from the shoreline into the lake would produce a more conclu-
.si‘;e deduction regarding snowmelt-lake water interactions, the results
noted for this solitary transect are ciearly indicative of an important
springmelt process in the subarctic.

4
6.3 Temperature change in Elizabeth Lake, springmelt 1980.

Figul.:e 6~3 1llustrates the temperature profiles at the 8 samp;led
lake sites (Figure 6-1). The readings k:g]uare taken from the surface down
to a point just above the sediment water Interface. The depth to
sediment was taken from the hydrostatic water le\{el, not the lake ice

surface.

!

Y

The temperature profiles indicate gradual heating of the lake water

through the melt' period by approximately 1 to 2°C. The depth of this

PR
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- 186 - -
Temperature profiles at selected sites
at Elizabeth Lake, Labrador,
1980. Dates of temperature profiles: A,
6 May; B, 18 May; C, 2 June; D, 7 June.
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heating extends to approximately 21 m. It is assumed that mixing of

warmer upper water must occur te account for the increased temperatures

3

below 6 m. Wetzel (1975) reports water at this depth receives less than
52 of theusolar radiation penetrating the ice cover in an unproductive
lake in northern Wisconsin. .

To 1llustrate this point, the temperathe incrfase from 6 May-7
June 1980 at the 10 m depth was 1.5°Cl. To raise th; temperature this
amouﬁt, 1.5 x 102 cal cm2 would be required. Wetzel reports the
percentage of‘ visible 1light transmission to 10 m in the unproductive
lake reported above i1s approximately .10% of the light penetrating the
ice cover. During the later stages of melt the percentage of iight
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,

198251 As well, 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 1lake af this time of
year is 0.

The total radiation reaching the 10 m depth amounts to .05% of the
total reaching the ice surface from 6 May to 7 June. The total avail-
able radiation is 8.35 x 107‘cal m‘z; that reaching the 10 m depth {is °
approximately 4.1 x 10% cal w=2. If the water at thefﬁo m depth was
essentially stagnant and retained ;ll of the heat suppl;id by the pene-
trating radiation the net increase in temperature from 6 May to Z June

would be .04°C. If the assumed.percentage solar radiation reaching the

10 nm depth was underestimated by an order of magnitude, the increase in

l The accuracy of the YSI Teleghé&mometer was determined by calibration
to be *+ .10°C. The readability of the scale on the instrument 1is
advertized by the manufacturer to be approximately .03°C.
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temperature would be only\.41°c, far less than the 1.5°C recorded. The
estimate o{ temperature increase due to solar radiation is likely an
overestimate. For the  above ;alculations it was assumed 50% of the
solar radiation received at {ick sui'%ce’penetrates the iée cover. The

presence of white ice in the earlier part of May coupled.with a thicker

ice sheet would assure this estiﬁate of 50% 1s an overestimate. |

Thus it appears that the heating of the water at 10 m and below is
due principqlly from mixing f;om upper water. The uniformity of temper=-
ature from approximately 1.0 to 14.0 m recorded on 18 Mé; and 1 June

(the two periods of peak melt) seems to indicate mixing would occur as

@
/

barriers to density differential are lacking.

/
/

/
/

. 6.3.1 Turbulence beneath the ice cover K

From the latter peak of snowmelt runoff to the 7 May (jugt prior, to
ice-0ff) the temperatures recorded at the sites considerably removed
from the shore lines (D, E, H) at the .25 m to .75 m depth were higher
than those recorded at greater depths. For example)at site E, the ubper
water, presumably heated by solar radiation, is denser than the under-—
lying water. Measurements using YSI telethermometer on 2 and 7 June at
sites D, E, F and H (Figure 6-1) indicate that insgtability due to radia-

S
tion heating occurs in the surface waters. The temperature probe was
held steady at the 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°C. 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. Calculations of the incoming solar

radiation for a 15 minute perilod during the sampling time show that even
LN

if the total amount of radiation reaching the ice surface penetrated,
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the resulting increase in water temperature wquld only amount to .09°c.
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 de;th the
needle on the instrument remained steady at one reading per deptg
sampled. The measured solar radiation 1is inshfficieng to account for
the temperature increagse (.30°C) recorded at 1.0 m. It is thought that
the readings recorded represent some instability within the upper layers
of the lak; due in pﬁ?k\po solar ‘radiation. Wetzel (1975) notes the

~N
instability of “water layers differentiated by temperatures within the

range noted inLElizabeth lake at this time of year. ¢
Meltwater d:ainiﬁfffrom the surface of the ice into natural cracks,
and other aberrations in the ice cover may play a role in the turbulence
noted. Meltwater from this source can,.although not a%yays, pond on the
ice surface. When this popded water enters the lake its temperature {is
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 were approximately 3.6°C. Adams and Allan
(1984, unpublished data) report this is a major process promoting miking
between meltwater and lakewater in proglacial lakes on Axel Heiberg
;sl;nd, N.W.T. Though ponded water could.locally disrupt the tempera-
ture region of the surface water locally it 1is doubtful that it 'would
have much effect on a large scale. The melting on the surface of the
ice will be grea@ér than at the lake water 1ce interface as the air

temperatures ,are significantly greater during the melt period. The

residence time of the meltwater on the ice surface was minimal as most
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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 close to 0°C. In

certain locations along the ice surface much meltwater would converge on

one ice hole and the volume (unmeasured) of water discharging into the
\

lake at these SOufces would be sufficient to create turbulence in the

J B
gurface 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*~l, This turbulence
would continue through most of the melt period. Though 1t 18 not known
tg what degree this prohess can affect the lake stability beneath the
ice cover it should be acknowledged as 1t may disrupt the upper portion

of the water column where saﬁples are being extracted. This may help

explain the relatively low temperatures recorded in the upper few centi-

metres of the lake during the latter stages of melt when the Holeq
drilled for lake sampling purposes served to drain meltwater ponding on

the surface of the black ice.
)
6.3.2 Predigtion of lake temperature in the shallow littoral zone

he prediction of lake temperatures within the shallow littoral
zone 1is an indirect method by which J;e effective mixing depth of
meltwater with lakewater can be determined.

It ig thought that, given the inftial temperature of the lake water
on day 1, it is possible to predict its temperature on day N.given the
daily.volume of melt water enteging the lake, 1its temperature and the

daily solar radiation reaching the lake water beneath the ice cover from

day 1 to.day N. J
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The assumptions include coﬁplete mixing of the meltwater entering
the lake and that the snowmelt water entering the lake has a temperature
of approximately 1°C. The actual range of snowmelt water temperature
recorded was .8°C to 1.4°C. Temperature readings were recorded each day
snowmelt water runoff from the plots was sampled. This calculation
focuses only on the littoral zone directly receiving overland flow, not
streamflow, as such, the volume of snowmelt water entering thé lake each
day is‘determined from® the calculated dally inflow via overland flow.

The period of interest is 2 June - 7 June 1980 whén the ice cover
was uniform consisting of candled black 1ce 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
determined from a bathymetric map of Elizabeth L;ke (Figure 6-1). A
mean depth of 1 m was assumed. The volume of water within this dgfined
boundary was thus determined (approximately 44 x 103 w3). For the
initial day's calculation (2 June), the total incomi;g snowmelt water
was 13.5 x 103 w3, approximately 31% of the lake water within the
defined portion of the littoral =zone. The third assumption 1s the
volume of water within the assigned littoral zone boundary remains the
same, that 1s the Incoming melt water simply replaces the lake water.

The calculation involves three components; incoming meltwater, the
lake water present and incoming golar radiation. The temperature of the
lake water is calculated by dividing the 1ncoming meltwater volume by
the lake water within the defined boundary. This produces a replacement

factor of lake water with meltwater. This fraction is used to determine

the meltwater contribution to the water temperature of the lake water by

,
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multiplying the fraction by 1°C. The reciprocal of this fraction, mul-
tiplied by the original lake temperature,‘produces the lake water con-
tribution to the new temperature. The two numbers are summed and added
to the increase in temperature provided by the days total radiation.
The assumptions for percentage transmission through the ice are those&\\_\
reported above 1in section 6-3. The absorption of radiation at mean

depth 1is derived from the extinction coefficients quoted by Wetzel

"(1975) from unproductive lake water between 720 and 500 nm. For this

. example, absorption of 507 was used. Roulet (1982) confirms this figure

from measurements taken during the 1980 springmelt 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 mean
water temperature on 2 June was 2.15°C. Assuming a mean depth of 1 m,
the mean calculatga temperature on 7 June 1is 3.42°C, the actual mean
temperature was 3.67°C. The computed fractions contributing to the
daily mean temperature -within the 2 m contour are illustrated in Figure
6-4. )

It i{s assumed that the cooler predictéd littoral zone temperature
is due to the fact that the predetermined volume of lake water within
which the meltwater is mixiqg is not sufficiently large enough. The
calculation was repeated for greater volumes of lake water which will
accommodate the 3 and 4 m depth contours.

Light transmission reaching the 1.5 m (used as the mean depth for
the j m contour mixing zone) and 2.0 m depth (mean value within the 4 m

contour mixing zone) was assumed to be 40% and 30Z respectively.

Similar light transmigsion percentages at these depths are reported by e
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Wetzel (1975) for a decaying ice sheet on én unproductive lake in

¢ -

ﬁichigant’

The proportidnal fractions of lake water, solar radiation and snow—

melt water contributing to the daily mean temperature within the littor-
.

al zone to a 3 and 4 m depth are illustrated in Figure 6~4. The pre-

dicted mean temperatures on 7 June for the 3 and 4 m depths are 3.66°C
and 3.84°C respectively. The curve illustrated in Fig. 6-4 demonstrates
that, according to this célculation, the effective temper;Lure mixing
depth, where the predicted and actual curves cross, 1is approximqtely 3

M.

Earlier predictions were not accomplished because of the tremendous

—_—

variation in the composition of lake ice in the early melt period. This
~
diversity would not allow an accurate calculation of solar radiation

penetratiﬁg the ice cover.

6.4 Conclusions

The implications for nutrient transfer from land to lake are sig-
nifi{icant. If sno;melt water nutrient concentrations are 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 reduction of land-source nutrients by the lake during
springmelt.

If the mixing of snowmelt and lake water apparent in Elizabeth Lake
1s widespread 1in the eastern subarctic those interested In assessing

nutrient budgets should take this into consideration. Outside of the

Labrador geosyncline in the Canadian Shield where the aquatic systems

g wom kR - g

g
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are poorly buffé)_:ed agaiéhst the moderate loading of acidic precipi.tation

the implications of °snowmelt mixing with lake water are significant

- n

because the hydrogen ion load, relatively unbuffered by the terrestrial

system because of frozen soil, will interact with the sediment in the

littoral zone. , This mixing process will increase the area of sediment‘-
H' ion contact. Subsequently, the increased Ht 1on load reaching the

water body, coupled with the mixing pattern, may limit the capacity of et

v ’

lakes to buffer acidic precipitation over an extended period of time.
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CONCLUSIONS NI

7.1 Introductton
This chapter will ﬁummérize the major findings of this research.

. s )
Table 7-1 1lists the hypotheses postulated inthe garly part of the thesis

~- -

and states whec'her the hypotheses have been confirmed, rejected or

-~

whether the results are inconcluéive. Accompanying discussion will

LY a

»

examine ‘the major findings in greater detail. i

-

- The latter section of this chapter will summarize the significance

of these results and address the question of future studies. . Py
3

<@

7.2 Snowpack accumulation of water and nutrients, related to plant

communities

The mean snowpack water equivalence at 'beak snawyear 1n the tun)\ra
',

plant community, 15.3 cm was substantially less “than the recorded mean

values 11:1 the woodland, 49.9“ cm, or the forest snowpack, 46.9 cm. _The

low snow accumulation on the tundfa is due largely to the topographical

position: exp,osed' ridges where there are few barriers to wind erosion

. o -

of deposited snow and little terrain roughness (Granberg, 1978) which

might induce snowpack accumué;:ion. )

The woodland snowpack sampling sites displayed a larg_er range of
water equivalence values, s = 21.9 cm, than either the tundra (s = 13.0
cm) or forest* (s = 13.0) snowpacks. The wider range in the woodland {s
attributable to distinct E:opographical change and what has commonly been
referred to as the 'edge' effect. Water equivalgnce 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 equivalence of the sampled sites
within this 'edge' was 68.7 cm (n = 173; the mean value of the ogher
samples taken within the woodland snowpack was 47.8 cm (n = 143).

) In Table 7-1 hypothesis 1 addresses the influence of plant,comquni—
ties on snowpack nutrient content. The results indicate the forest
snowpack had the most elevated mean concentrations of TP, TDP, kt and
Nat. The CaZt concentration was most pronounced in the woodland and the
Mg2* concentration was highest in the tundra snowpack. The NO3™ chcen—
trations in the tundra and forest were equal and somewhat elevated above
the woodland concentration. Though®the mean differgnces indicage the
forest snowpack is enriched above that recorded in the tundra and wood-
land snowpacks, few ofﬁthese differe;ces are statistically significant.
The differences apbéar more statistically than ecologically signifi-
cant. For example, the TP concentrations 1In the forest'snowpack, thou%h
only 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 litter to the chemistry
of the annual snowpack in the Montmorency Forest, Quebe; (reported by
Jones, 1984) appears not to be as pronounced in the subarctic snowpack
of Elizabeth Lake. Elevated K concentrations usually indicative of or
attributable to organic matter w;thin the snowpack is essentially equal
in the forest (.09 mg L), woodland (.06 mg L~) and tundra (.07 mg L~)
snowpacks.

Manuel (1983) reports elevated nutrient concentrations in the lower
portions of the subarctic snowpack. This i1s attributable to vertical
movement of water from organic layers at the base of the snowpack. With

t

the exception of TP in the forest snowpack, the data from the Elizabeth
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ble 7-1.

Summary of the atudy hypotheses and results.

Hypothesis

Results

1.

3a.

C.

43,

The nutrient concentrations in the gnowpack will
reflect the plant community the snowpack 18 in. It
was hypothesized that nutrient concentrations would
be highest in the forest then woodland and lastly
the tundra.

Overland flow due to saturated concrete frost 13 a
dominant physical process operating on the Elizabeth
Lake terrestrial catchment during the springmelt
period.

Snowpack source P will not be retained by the
terrestrial ecosystem but transferred to downslope
bodies of water. Y

Snowpack source NO3™ will be retained by the
terrestrial ecosystem during springmelt.

>
Snowpack source CaZ*, MgZ*, Na*, K* will not be

retained by the terrestrial ecosystem during
springmelt.

P will be scoured from the organic horizons abgve
the frozen mineral soil surface during springmelt
and transferred to downslope water bodies.

NO3~ will not be scoured from the organic horizans
above the frozen minreal so1l during springmelt.-

Ca%*, Mg2*, Na* and K* w11l be scoured from the
organic harizons above the frozen mineral soil
during spowmelt and ‘transferred to downslope
water bodies.

Scoured nutrient mass discharqging from the
terrestrial, portion of the study catchment will

be proportionally greater during the 1mtaial part
of the snowmelt ruripff period.

Significant mixing of terrestrial source snowmelt
water and lake water occurs.

inconclusive (section 7.2)

’

confirmed (section 7.3 and 7.4)

confirmed (section 7.9)

confirmed 1n tundra
rejected 1n woodland and forest (section 7.5)

confirmed {gection 7.5)

confirmed (section 7.5)

confirmed 1in tundra
rejected 1n woodland and forest (section 7.5)

confirmed (section’7.5)

rejected 1n forest (except for TP)
confirmed in woodland for Ca?*, Mg2+, TDP

rejected 1n woodland for K*, Na*, TP, NO;~
nat measured 1n tundra

confirmed (section 7.6 and 7.7)
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Lake catchment does not indicate ele;ated nutrient concentrations;at the
base of the snowpack. The TP concentration at the forest snowpack base
is thought to be primarily attributed to deposition, as the dissolved
fractipn (TDP) shows only a statistically 1nsignif;cant increase from

the upper snowpack to the base.

»

7.3 Discharge pattern and water balance for the meltwater runoff plots

Five meltwater runoff plPts were iﬁstalled on the Elizabeth Lake
basin to gauge overland flow and concomitant nutrient mass flux through
the springnelt pgriod. Three of the five plots worked as intended, one
in eacﬁ of the major plant communities. It 1s concluded that overland
flow, though not occurring on 100%Z of the terrestrial catchment 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
period and the hydrological balance for Elizabeth Lake discussed later
in this section.

Meltwater runoff plots dischargedxbetween 89 and 96% of their cal-
culated snowpack wWater equivalence. THe discrepancy is relatively small
and may be accounted for by leakage, infiltration and evaporation. The
melt in the tundra was very intense lasting only 5 days; approximately
50% of the snowmelt rupoff plot water equivalence‘discharged withir one
24 hour period (30 April 1930). A biLodal meltwater runoff pattern was
first recorded at the woodland and forest rdnbff plots starting 2 May
1980 with the forest melt of greater duration than the woodland melt.
This was a product of a greater meltwater voiume and the incfeased tree

crown cover which reduced direct radiation on the snowpack.
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Diversion of meltwater runoff by dense snowlayers on slopes in the

4

forest and woodland snowpacks was observed and recorded. This lateral

flow resembles that described by Colbeck (1977), though density rather
- .
than an impermeable ice layer is thought to initiatﬁ‘the process. It

was estimated approximately 6% "of the total watér equivalence was

.

*diverted downslope by this lateral flow. There are significant implica-

LN

tions of this process for terrestrial and aquatic chemistry in the sub-

arctic, discussed later.

7.4 Generation of snowmelt runoff water to Elizabeth Lake via overland

P

flow

The daily meltwater input to Elizabeth Lake through the melt
period was generated by a hydrological caléu{atiqn involving a total of
. . 57 ,
approximately 70% of the total snowpack water equivalence on the

Elizabeth Lake catchment.

The calculation plus measured stream input approximates, on a daily

basis, the actual meltwater Input to the lake (as determined from stage.

plus lake discharge) quite closely., This 1is added evidence to support
the confirmation of hypothesis number 2 in Table 7-1. ¥nfiltration of a

significant portion of the -gnowpack water into the soil/till mantle

\

would have resulted ,in a more fQronounced hysteresis between input and
2

lake output.

4
7.5 Nutrient flux from the snowmelt runoff plots

In Table 7-1 hypotheses 3, 4 and 5 address the nutrient mass dis~-
L} f .

3

charge from the runoff plots. For all nutrients except for NO3~ in the

tundra plot,”the total discharging mass was far in excess of the mass

[
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determined for the runoff plot snowpack prior to the initiation of melt=

'
'

water flow,

The. lateral flow of meltwater downslope by dense stratigraphic

layers within the sﬁowpack resulted in the’ digscharge of snowpack source
nutrients to. the lake prior to comtact with the ground.
Nutrient mass balance indicates that scour of varfous ilons from the

base of the snowpack occurs in the three plant communities during the

o

melt period. A portion of this 1is attributed to cheﬁical reaction

'

(cation exchange) and a portion, especially during the latter part of
the melt when Kt concencracion;in the’snowpack is substantially reduced,

attributed to the flushing effect of flowing water.

The exsolving pattern determined for the woodland and forest snow-

_packs alded 1in discerning a daily pattern 'of nutrient scour from the

base of these' respective snowpacks.
During the latter portion of the melt period,:scoured nutrent con-
centrations declined linearly with time; TDP,in the woodland and TP'

TDP' Calt, M32+, Nat and K in the forest. This patternrdécurred despite

an accompanying surge and recession of meltwater runoff. This is indi-

'

- f
» cative of a reduction of these available nutrients mentioned at the base
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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‘;;;QsﬁcalQ
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 water of one source from
the water of another. It was determined that snow meltwater can be
separated from lake water in the shallow littoral ;one. The differences
apparent in approximately 1 metre of water are reduced in aperoximately
2 metres of water. It 1s assumed compl%te mixing of snow meltwater and
lake water occurred.

A si@pl; model, involving original lak; temperature and mass, dail}
radiation ,and the mass and temperature of the daily addition of melt=-
water are used to predict 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 results and suggestions for further gtudies

7.7.1 Nutrient loss

ﬂSOre (1983, 1984) reports a significant percentage of first ypér
litterfall decomposition occurs just prior to the formation of the
annual snowpack and through the snowyear. As the"snowmelt runoff is a
ma jor process responsgible for removal of nutr;ents potentially available
for plant growth, it is concelvable that a substantial fraction of these
nutrients will be washed out of the organic layers during the springmelt

runogf. It is possible that this spring scouring of nutrients may be a

I
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major factor contributing £o low growth rates of vegetation in the sub-
arctic. The ecological importance of this seasonal nutrient scouring
has yet to be established.

a

7.7.2' Lake nutrient dynamics

Current attempts to understand the nutrient dynamics of subarctic

lakes such that land use in the subarctic can be determined in a ration-

al manner have focused on the applicability of the empirical model of

°

Dillon and Rigler (1975) to predict phosphorus concentrations in sub=-

arctic lakes (Smith et al. 1984). —

The application of this empirical wmodel, originally derive;j for
temperate dimictic lakes of the Canadian Shield, to lakes 1n the sub-
arctic must account for differences between the twoc systems, as those
differences affect the model. The primary and major difference noted
between the two systems is the notable contribution of nutrients from
the terrestrial portion of the catchment during si)ringmelt:.

Of the factors comprising the Dillon and R,igler model those which
will be affected by the difference in "the two syste;ms are the spring
loa{ing of P from the catchment and the retention of a significant

portion of this load by the 1lake. These di:fferences"should be

recognized and examined before application of the model to subarctic

lakes 1is attempted. The significant spring loading of NO3~ is of

importance in'N limited aquatic systens.
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7.7.3 The’influence of mineral soil impermeability during spring-

melt on the capacity of subarctic ecosystems to buffer

acidic precipitation

The Labrador geosyncline, within which ;he Elizabeth Lake catchment
18 located, ﬁs relatively unaffected by acidic precipitation because of
the high buffering capacity provideq by thihgiybonate sediments. The
geosyncline represents a reasonably small fraction. of the eastern sub-
arctic; most of which 1s comprised of Canadian Shield Precambrian rock,
chiefly granite and gneiss, the buffering capacity of which is reported-
ly very low. ,

The climatic conditions affecting the Labrador geosyncline affect

the Canadian Shield (Canada; 1978). The climatic evidence suggests that

the -process of overlgnd flow believed to be dominant during springmelt

N

within the Labrador geosyncline (this study; Fitzgibbon, 1977; Price,

e
RS B

1975) 1s 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 signifi- '

cant implications for the interactions of aéidic precipitation and the
;errstrial and aquatic portions of the catchment.

In the subarctic, the frozen largely impermeable soil will mean, the
acid pulse during spring in aquatic systems will be far more pronounced
as there will be reduced buffering of approximately 507 of the atmos—

pheric acid loading. If mixing of snowmelt runoff and lake water occurs
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as suggested by the D/H results discussed earlier, the capacity of the
lictoral sediments to buffer the acids will be reduced in terms of time,
relative to the littoral sediments in the temperate zone of the Canadian

Shield.

7.7 .4 Further studies

F;rther studies should attempt to assess thg ecological importance
of the nutrient transfer from land to water body during the spring
melt. This would entail detailed examination of the change in mass of
available- nutrients within plots in'thndra, 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-
cance of the recorded scouring during springmelt to the terrestrial
catchment can properly be assessed.

As 1t has been shown here that impermeable ground has significant

.
implications for snowmelt runoff chemistry, further studies should
investigate the physical conditions governing“fhe formation of saturated
concrete frost. These studies could range from an examination of

factors 1nfluencing the spatial and temporal distribution of the

phenomena to detailed examinations employing lysimeters. The use of in

situ probes to record the $0il 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 sponsored by Environment Canada (Marmorek et al. in prep.) was

that in order to understand chemical perturba(?ons in the natural eco-

A ywsmgrg Sam i,
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systems, a better understanding of the movement of water within the

terrestrial system was needed. This workshop mainly examined the "work
of researchers studying temperate systems. It seems that 1if those
working in the comparatively well studied temperate system argue for a
greater understanding of these systems then by comparison much remains
to be done iIn the subarctic. This study has investigated the springmelt
runoff in one subarctic catchment and reported major differences in the
flow of water during sptingmeltr between the northerly system and the
temperate systems to the south. The apparent differences between the
two systems should be considered when applying knowledge derived from

temperate systems to subarctic systems. -
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Plent Plot Domi nant Species Sociability Species Socisbility
Community number Strata speclies si1gnif1cence Index Lemient Significance 1ndex
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P{osa mariana 5 ) 1
shrub Betula 2 Ledum
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Alaus orispa 2 1 Ribes gpp,
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annotinum
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moss Pi&irostum I3 T s
sohrebari R )
Hyloaomium 5 4 ° Hypnum orista- 2
splaendens aastrensis '
lIichen Cladonia app. 2.
3 tree Piosa mariana 6 1
Pioeu glausa 4 1
shrub Alnue orispa 2 1
. Betula 2 2 Rubue gpp.
glandulosa . Empetrum
, herb Lyoopodium
' annotinum
“ 4 . Fiburnum edule
Pyrola spp.
Linnaea
i ’ * borsalis
‘moss Kylozomium '3 4 Bypaum orista- 2
splendens castrensis :
Pleurosium . 5 ' 3 Polytrishum gp, ’ ?
echriberi
lichen Cladonia gpp, 2
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Appencixn A continued

v

Plant Plot oy nant Species Sociability Sub dom) nant Species Sociability
Community number Strata T.pecles sagmficance Index species* Significance 1ndex
4 {ree Facea ;zi_zu:m : 7 1
shrub Vadeinium 2 1 Ladum
vitginosum groenlandioum
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glandulosa
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. {daea
moss _  Pleurosium P 4 Sphagnum gp, 1
schreberi
Aula acommium 4 4 *
: ' palustre
Hylooomium 3 2 o
’ eplandens
lichen Cladonia gp, 2 2
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groenlandi cum
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frigida
N Lycopdiwm gpp,
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sohreberi
lichen (Cladonia 7 . 4 Cladonia 8pp.
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2 tree Pisea mariana 2 1 Pioea glauca |, R . 5
shrub  Bstula 6 3 Vasointup ’ ?
glandxlosa ul{ﬂn} ("]
Ledum 4 Fd Vasoinium ,
groenlandiounm * anguatifolium
g Alnus orispa
§ Salix retioulata 2
i Salix glauea
: herb Lysopodium gpp.
x . B Cornus oanadensis
E moss Pleurosium 5 3
< sohrsberi
lichen Cladonia '3 4 Cladonia gpp_
: Alpestris .
§
|
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Plant Plot feor nent Species Sociability S shdom: nant Species Socisbility
© mwmaty © number Strats ’s,‘ .ev " sigmficance Index speryes* Sigmficance 1ndex
3 tree Pisea m ~.1na &
shrub Betula . 4 2 Alnue criapa
gland.” =3 .
La;ium h
groenlandioun
‘ * Jaliz gpp,
Betulanna ezilis ?
‘ / . Arotostophyloa 8pp.
herb Deschampsia 8pp. 2
i Lyoopodium gpp, 2
. moss Plerosium 3 2 Calamagrostis
) sohrederi oanadensis
Cladonia 7 4 Eladonia gpp,
rangi feroe-
Alpestis
4 tree Piosa mariana 3 1 i ,/
shrub Betula 2 Ledum /
glanduloea gsonlandioum ‘
Salix glauoa
herb Lyocopodium gpp. ) ’
. Cornus sanadensis '
, Patasites .
. rrigida / .
. ' moss o1 aranum ) )
fusoesoens e
lachen , Cladonia app, 8 4 Ve
[ tree Pissa mariana 4 1 S
shrub Ledum 2 Betula glgnéuloaa
gosnlandioum Saliz spp,
Betula nana
. Alnus orispa
herb Lyocopodiwm gpp, ) —
Vasointum viiia- T
B {daea
moss - . Diorqrum
H Fussesoens
’ Plerosiwm
- sohraberi
lichen Cladonia 7 4
alpestris '
Cladontia 4 2
- rangiferous
1
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Plant ‘Plot Dom: nant Sper s ‘ Socisbilaty Subdom nant Species Sociabilaty
Communa ty number Strate species s1grif.rance Index species® Significance "1ndex
Tundra 1 tree Picea mariana ) 1
i p shrub o Ledum
L . A groenlandioum
' ’ Salixz hastata
Salix app.
) Betula spp.
‘ herb X . Lyaapodium
annotintum
Lyoopodium 8pp.
mass Tortella spp. 2 2 Dioranium spp.
lichen Cladonfa 6 4 Cladonia gpp,
alpestris
‘ 2 tree -
. shrub - Saliz spp.
, ' Betula 8pp.
herb Lyoopodium gpp,
. Carsz spp.
moss Dioraniwm gpp, 3 2 Pleurosium
echreberi
_ lichen Cladonia gpp, 5 3 . ;
3 tree .
shrub Saliz gpp, ,

Betula gpp,
Alnue orispa

Vaoainiun *
. vitis-idaea *
herb o ) Carez gpp,
. . Dryas
o B | integrifolia
/ I Lyocopodiwm spp. . N
~ moss Dicoranium gpp, !
‘ . Pleurosium §
oy sghreberi )
lichen Cladonia 5 3 Cladonia gp, .
alpestrie ‘ ' -
! ' Cladonia 3 2
ranglferous
* gubdomnant species are less than 5%. »
for all subdominant species: species gignificance and socigbility index are assumed to be 1 unless otherwise
stated .
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Appendix B Soil moisture

h So1l Litter | Vegetation -
: Site
| Number Nov. X March x Nov. x March x Nov. x . March x
. Tundra 8 39.65 25.79 82.56 65.67 85.27 78.60
sites 84.05 65.67 23.05 21.80 86.87 83.62 68.02  67.87 83.69 83.69 74.01  75.28
. 73.3 116.56 81.42 '69.94 82.13 73.23
2 17.9 33.3 B4.6 61.49 84,80 4 81.08
“’ ’ 16.3  15.47 3131 36,12 83.41 81,13 67.75 64.83 91.85 89.77 73,09  76.17
R 12.2 43.76 T 75.37 65.25 92.68 74.34
3 23 23.71 N.D. 81.85 63.37 - 86.29 69.73
O 46.1  32.06 57.12  48.83 84,31  81.19 68.07  63.79 89.99 86.91 75.80 73.25 °
2 i \& 26.37 40.54 77.42 59.93 8444 74.23
i s
%‘Ef 4 32.3 52.17 76.98 70.91 78.90 75.49
75 I 39.0  35.65 37.19  42.65 69.89 76.76 67.98  70.61 88.08 B3.52 75.22  75.71
i "N.D. 38.59 83.81 72.93 83.58 76 .41
X 28 A.so 59.62 45.03 . 58.98 72.80 66.83
i 55.57  49.26 16.47  45.41 67.02 64,98 63.98  60.99 83,03 78.84 70.13  68.61
% 25.72 70.13 82.88 60.01 80.70 68.88
§ upper 38.01  40.23 33.96  41.35 83.42 81,77 71.29 78.5Z 84,31 85.94 80.51 79.M
Lo Tundra 42.44 © 48,74 80,12 85.74 87.56 78.9
;”r‘_ runof f mid 40.22 41,10 38.99 40 .43 89 .62 86.32 83.39 77.74 89.50 90.56 82.87 77.36
- plot 41.98 41.87 , 83.02 72.08 91.63 71.8%
. lower 25.32 27,91 27.10 28.71 79.78  77.34 64.92  65.54 82.00 79.22 .%6.34 6806 .
s 30.50 30.32 74.89 66.16 76.43 71.57
.05 75.06 88.13 L 70413
. Woodland 21 28.1 27.01 82 -
"t 30.0 33.07 32,37 33.29 79.63 11.85 73.08 72.38 87.17 B7.25%  76.67 71.52
5 45.1 40.51 71.68 69.00 86.46 ) 69.75
ot
7 14.1 17.81 73.24 64.56 8_7.5& 72,34
13.5  12.17 15.17  14.37 75.36  72.49 70.52 66.84 86.63 88.12 74.60 74.48
8.9 10.13 68.50 65.43 99.20 76.50 .
20 16.2 30.00 73.45 60.47 78.54 70.20
J 23.0  18.10 22.27  24.23 60.51 65.60 63.05 61.47 74.20  77.46 69.55 70.25
15.1 20.43 72.83 60.90 79.64 71.00
i 30 17.3 20.53 77.84 62.35 72.51 70.11
; ‘ 35.0  31.13 28.63 29.30 80.50 79.25 70.55 68.78 83.51 80.10 68,34 70.02
: 41.1 38.74 79.41 73.45 8430 71.61
‘ 22 18.61 33,75 88.04 67.96 93.94 79.10
- ‘ 10.80 15.09 60.06 47.82 79.50 83.58 50.05 61.69 85.07 89.46 58.42 69.1
15.86 49.65 83.20 67.05 89.38 69.78



1/7.0 ZU.0) 77,84 62, IZTPAl TUST T

i
i 35.0 31.13 28.63  29.30 80.50 79.25 70.55 6B.78 83.51 80.10 68.384 70.02
J 41.1 38.74 79.41 . 73.45 84.30 71.61
i .
! 22 18.61 33,75 88.06 67,96 93.94 79.10
10.80  15.09 60.06 47.82 79.50 83.58 50.05 = 61.69 85.07 B89.46 5B.42  69.1
15.86 49,65 83.20 67.05 89.38 69.78
. /
34 21.99 - 38.16 78.64 55.32 87.36 72.26
o 76.95  42.39 37.52 3B.61 85.29 80.54 60.00 60.23 83.52 87.86 73.36 75.03
28.25 40.14 77.68 65.36 92.69 79.46
o) [y -
« —t> 47 58.87 35.09 . 79.74 69.53 87.34 81.69
4y . 51.09 52.49 29.49  28.26 80.76 79.32 68.06 68.84 81.91 83.92 68.96 71.61
il 47.50 20.19 77.47 68.94 82.51 64,18
; T
4 15 56.0 20.48 87.94 59.61 B2.41 82:42
28.3 35.93 25.92 22.80 50.92 B84.85 59.59  62.65 92.46 88.05 74,77 71717
23.5 22.01 B5.69 68.76 89.28 74.31
38 24.1 64.03 80.60 65.05 86.11 72.37
16.3 18.47 34,74 41.07 75.35  78.69 72.63  69.49 90.40 89.29 79.01  74.83
o 15.0 24.43 80.12 ,10.80 - 93.36 73.1
37 22,1 14,27 84,32 81.39 97.58 68.24
16.0 26.27 33,74 32,10 ~ 83.00 85.08 83.02 83.52 84.37 85.82 72.80 71.98
.. 40,7 48,28 87.93 86.15 80.52 74.89
42 © 53,3 23.14 79,66 68.93 79.63 74.83
42,1 42.57 35.64  26.88 83.27 81.11 66.89 64.83 86.01  85.04 62.54 70,66
32.3 21.85 80.40 58.66 89.47 74.62
) ) 3 18.17 15,53 23.95 19.34 72.33  70.06 63.43 59.26 88.90 89.34 85.59 A2.59
* 12.88 14,72 67.78 55.09 89.78 79.59
* > 38 32.85  30.29 22.57  29.11 78.13  75.98 65.18 61,50 82.95 84.69 78.65 6.8%
N 27.73 29.65 73.83 57.81 86.43 75.05
}—\
. 4 11.98  12.32 12.23  14.31 53.19  5B8.95 49.27 57.15 89.91 91,56 73.63  75.7%
12.65 16,38 64.72 65.03 92.10 77.86
4B 37.82  35.17 35.64 .31.26 70.13  69.84 64.72 61.06 88.30 83.85 72.11  75.68
32.52 26.88 69.55 57.40 79.40 79.25
- Woodland upper 38.50 40.50 40,217 40,02 75.09  77.55 52.58  66.02 92.23  90.62 80.41 80,79
runoff 42.50 39.83 80.00 79 .45 89.01 81.16
plot m1d 29.85 28.13 30.00 29.76 B83.21 81.23 75.81 68.06 79.01 80.56 78.83 74.29
26.40 29.51 79.24 70.31 82.11 69.75
]
: lower 26.47 27.78 22.5%  26.92 75.09  75.26 64.55 67.07 85.37 84.17 78.48  71.71.
‘ 29.08 31.28 717.43 69.59 82.97 76.97
Forest 50 15.9 20.86 82.96 65.96 87.97 75.49

9.2 14.37 28.22 23.61 80.97 81.26 72.85 70.26 92.11 B88.56 74.31  76.6

. = - O -4 OO O - A AN N
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421
32.3

18.17

42.57

15.53

12.88"
AN

32.85

27.73

11.98
12.65

37.82
32.52

38.50

42.50
29.85
26.40
26.47
29.08

20.1
22.0
23.5

25.4

23.0
44.0

39.16
28.24
21.21

33.9
38.44
26,79

28.10
37.61
28.87

L 42.01

35.67
34.56
38.01
56.32

60.57

/L0.29
’

12.32
35.17

40.50
28.13
27.78
14.37
21.87
30.80
29.54

33.04

31.53

38.84
36.29

58.35

35.64
21.85

23,95
14,72

22.57
29.65

12.23
16.38

35.64
26.88

40.21
39.83
30.00
29.51
22.55
31.28

20.86

28.22
21.75

22,22
23.57
21.07

37.16

62.18
52.00

32.57
29.85
35.01

32.3
29.51
31.00

32,30
36.43
30.12

45.79
35.22
36.03
31.16
62.21
57,30

26 .88

19.34

29.11

14.31

31.26

40.02

29.76

26.92

23.61

22.29

50.45

32.48

30.94

32.95

40.01
33.60

59.76

83.27
80.40

72.33
67.78>

78.13
73.83

53.19
64.72

70.13
69.55

75.09

80.00
83.21
79.24
75.09
77.43

82.96

80.97
79.84

81.67
77.79
75.92

76.90

74,20
71.58.

82.01
74.49
72.83

77.50
76.01
79.73

79.55
80.17
76.99

92.24
88.75
94.68
91.03
89.01
94,36

81.11
70.06
75.98
58.95
69.84

71.55

81.23

75.26

81.26

78.46

74.23

76.44

77.74

78.90

90.49
92.86

91.69

66.89
58.66

63.43
55.09

65.18
57.81

49.27
65.03

64.72
57.40

52.58

79.45
75.81
70.31

64.55
69.59

65.96

72.85
71.98

68.77

72.05
62.18

62.15

66.60
64.00

65.98
62.47
62.80

70.71

T 735,65

60.18

64.28
65.44
72.68

80.73
719.22
86.71
77.98
84,14
79.83

64.83
59.26
61.50
57.15
61.06

66.02
68.06
67.07
70.26
64.33
64.25
63.75

68.18

67.47

79.98
B2.35

81.99

86.01
89.47

88.90
89.78

82.95
86.43

89.91
92.10

88.30
79.40

92.23

89.01
79.01
82.11
85.37
82.97

87.97

92.11
85.61

86.02

83.01
83.84

85.27

91.70
83.19

89.72
84.24
86.38

85.34
86.23
88.38

92.80
86.26
85.01

94.60
96.00
90.66
88.14
94.56
90.23

85.04
89.34
84 .69
9N.56
83.85

90.62
80.56

84.17
88.56
84.29
86.72
B86.78
86.65

88.02

95.30
89.40

92,39

62.54
74,62

85.59
719.59

78.65
75.05

73.63
77.86

72.11

79.25

80.41

81.16
78.83
69.75

78.44
76 .97

75.49

74.31
80.00

69.01
72.29
74.30

73.28

75.00
79.12

72.23
70.08
73.56

67.08
65.96
74.48

77.44

76.33
80.23

88.80
88.10
89.57
86.38
81.03
88.25

70.66

R2.59

76.8%

75.7°

75.68

80.79

74.29

7.1

76.6

71.87

75.80

71.96

69.17

78.00

88.8

87.98

84,64




Appendix C Woodland

runoff plot mass balance (continued).

o c32+ , M92+
Scour Scour
Runoff Snowpack Scour concentration Runoff Snowpack Scour  concentration

Date mg mg mg mg 1 mg mg mg mg -1
May 2 B62.15 332.83 531.33 0.719 236.08  110.69  125.39 0.170
- 3 116.89 107.27 9.62 0.040 40.58 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 73.87 33.90 39.97 0.076

12 204.31 185.06 19.25 0.032 108.14 58.93 49.21 0.082
13 341.85 164.61 177,24 0.332 85.42 52.49 33.05 0.062

14 549,37  435.09 114,29 0.082 140.82  138.27 2.55 0.002
15 830,07 &57.64 170.43 0.097 Joo.11  200.48 99.63 0.057

N 16 1140.85 1012.53 130.33 0.058 425.25 295.25 130.01 0.058

17 2786.95 1680.91 1108.77 0.298 780.03 490.86 290.39 0.078

18 1130.82 294.74 838.09 0.466 179.82 100.97 78.49 0.044
19 1583.95 433.08 1150.87 0.436 211,41 148,23 63.18 0.024

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 7.3 0.074

22 55.39 19.33 35.89 0.306 11.76 6.62 5.13 0.044
23 182.86 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
27 519.30 304.76 216.54 0.11% 185.65  104.37 81'.61, N d.0a4

28 B818.08 461.15 354.89 0.126 197.44  158.59 38.88 0.0137
s 29 1186.96 ' 884.21 302.76 0.136 431.33  303.75 121.5 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

June 1 128.32 56.74 73.58 0.707 76.30 19.44 56.86 D.164
13816.46 7947.82 5860.62 5.148 3942.68 2543.00 1399.68 1.329
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. ) Appendix C

Wogdland runoff plot mass balance (continued).
N Na* Kt
' Scour I Scour
Runoff Snowpack Scour concentration Runoff Snowpack Scour - concentration
- ‘Date (mg) {mg) (mg) (q/t"1) (mg) (mg) (mg) ( g/L="
May 2 517.50 280.60 234.60 .23 317.10  132.55 184.55 .25
' 3 104.88 * 90.85 14.03 .02 145.45 43.01 102.44 1.31
8 21.37 11.52 9.82 01 24.9 3.79 21.11 .03
9 205.86 79.58 126.27 .28 121.21 12.12  109.09 21
12 '246.33 166.29 80,27 °’ 12 306.54 2,39  254.15 .42
- 13 213.67 147.‘89 . 65.78 .09 354,25 99.3 215.83 .40
-~ 14 522.10 388.70 131.33 .02 436,75 222.09 214.66 #15
15 6.18.70 588.80 28.98 w01 707.71  427.75 277;61 . .16
16 917.70 901.60 16.10 .02 762.00 339.78 445.74 .20
17 1561.70 1495.00 66.70 .18 742.90 593.04 179.86 .05
18 609.50 285.2 326.60 .13 735.08 34,04 699.89 .39
‘19 765.90 416.30  347.30 14 817.19 50.83 766.36 .29
20, 141.9N 77.28 64,63 45 132.16 9.42 122.77 .25
21 30.59 15.48 15,18 .18 31.55 1.88 29.25 .30
22 40.02 18.63 21.39 15 34.09 2.27 31.83 .31
23 106.49 57.73 55.43 A1 87.58 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 3.56 , 29.64 .16
26 23.78 17.07 6.71 +.06 20.53 2.07 18.46 A7
27 519.80 294,40 225.40 12 389.83 3.59 354.25° .19
28 593.40 446.20 144,90 & .08 546.21 54,35 509.47 .18
29 1186.80 853.30 335.00 .06 1294.21 88.37 1192.55 .22
. 30 581.90 354,20 227.70 .10 649.06 43,07 606.05 . W27
' . 3 434,70 214,59 219.88 ° W16 339.39 26.16 313N .23
June 1 138.69 54.74 83.95 28 0 124,73 6.65 118.08 '.34
10,189.00 7,311.70 2877.3 P 12711.41  2279.53 6912.88
- - Lid
N . )
2” *
B

™
et PR TEr S

\

S
FoarFont | P

£ Vo et
RIRRTRAY..". 3

A

¥

A TR A

&)

o
&
i

1
P




}’ Appendix ¢ Woodland runof f plot mass balance.
i
|

P

0P NO;~
Scour Scour Scour
; . Runoff Snowpack Scour concentration Runoff Snowpack Scour concentration Runoff Snowpack Scour concentration
pate  (mg) (mg) (mg) (pra/1) (mg) (mg) (mg) (/1) (mg) (mg) (mg) (mg/1)
May 2 19.27 9.51 9.76 - 13.23 16.15 2.36 13.79 18.69 199.17 189.34 9.80 .02
3 5.56 3.07 2,49 10.44 4.32 .76 3.56 14.93 69.16 61.19 7.96 .03
8 1.86 .35 1.51 29.68 1.04 .06 .98 19.26 10.68 7.38 3.32 07
9 16.53 2.11 14.41 27.30 ©.9.19 .13 9.06 17.16 163.62 47.50 116.08 .22
12 18.D6 6.48 11.58 19.27 11.82 ,—7.69 9.13 15.19 198.31 116.82 81.49 .14
13 17.57 5.76 11.81 22.11 13.9 2.39 11.55 21.62 186.96 103.90 83.06 .16 R
4 31,13 15,20 15.93 11,31 21.7 6.31 15.41 10.94 408.48 273.95 134.56 .10
< 1 47.38  24.45 22.94 13.00 31.16 11.28 19.89 11.27 547.05 426.44 120.55 .07
16  63.64 39.33 27.37 12.23 40.78 9.50 21.28 9.51 693.92 669.09 24.80 .01
16 99.02 65.29 33.73 9.07 60.99 32.57 28.57 7.69 1189.41 1110.85 ‘76.55 .a2
18 46.37 9.73 36.64 20,39 27.30 1.18 26.13 14.55 431,15 187.06  244.0D9 .14
1% 61.91 14.30 47 .61 18.04 45,92 1.73 44.19 16.74 712.53  274.87 437.67 .17
200 11.97 2.65 9.32 19.03 9.55 .32 9.23 18.85 93.02 50.97 42.04 .09
21 1.79 .53 1.26 12.78 1.32 .06 1.25 12.68 16.76 10.17 6.57 .07
22 2.34 .64 1.70 14.44 1.42 .08 1.35 11.47 24.71 12,29 12.40 11
23 7.37 1.98 5.39 14,74 4.78 .24 4.54 12.41 73.13 38.07 35.05 .10
24 -3.48 .90 2,58 15.60 2.42 1 2.3 13.97 38.03 17.26 20,76 A3
v 25 3.25 .99 2.25 12,20 2.26 .12 2.14 11.60 35.04 19.14 15.90 .09
26 2.05 .58 1.47 13:60 1.21 .07 1.13 10.45 17.29 11.24 6.08 .06
27  34.28 10.06 24.22 13.04 21.41 1.22 20.19 in.s7 334.24 193.51 140.89 .08
28 54.49 15.28 39.20 13.89 26.68 1.85 24.83 8.80 564.06 293.81 270.24 .10
29 105.27 29.24 76.03 14.09 44:35 3.53 40.82 7.57 1294.99 560,32 732.96 A4
30 39.68  12.11 27.56 12,33 19.09 1.46 17.63 7.89 603.48  232.84  370.69 17
31 26.65 7.35 19.30 14.21 13.73 .88 12.84 9.45 325.84 141,29 184 .56 .14
June 1 2.01 1.87 .14 .40 .69 .23 .47 1.36 86.63 35.99 50.60 .15
722.93 279.80 446.21 433.26 90.94 342,32 8317.74 5086.92 3230.82
i
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Appendix D

Forest runoff plot mass balance.

el

4

TP

L

s

o T S R4

TDP . . © NOjT
§ Scour Scour Scour
i Runoff Snowpeck Scour concentration Runoff Snowpack Scour concentration Runoff Snowpack Scour concentration
) Date (mq) (mg) (mg) (pa/1) (mg) (mg) (mg) (/\g/l) (mg) (mg) (mg) ] (mg/L=T)
May 2 22.42 50.19 - - 17.22 8.79 8.43 9.21 393.14 310.05 83.09 09
3 37.78 50.22 - - 25.87 8.20 17 .67 11.76 616.38 370.20 246.18 .16 .
7 .60 W41 .19 4.70 .20 .03 W17 4.30 14.94  5.89 9.05 .22
8 1.20 .69 .51 7.31 .49 06 A3 6.16 22.32 10.11 12.21 .18
9 5.32 3.17 2.15 6.88 1.86 .29 1.57 5.03 96.80 45,52 51.28 JI7
13 15.61 4.85 10.76 22.36 5.67 45 5.22 10.85 207.11 69.95 137.16 .28
14 59.31 11.97 47.34 38.81 §1.19 5.61 35.58 29.17 537.01 279.04 257.97 .21
15 49.37 17.23 32.14 18.33 21.63 8.07 13.56 7.74 700.71  401.20 299,51 .17
16 45.79 15.87 29.92 18.55 16.59 7.42 9.17 5.69 532.05 369.58 162.47 .10
17 60.10 36.10 24,00 10.52 21.38 18.52 2.86 1.25 889.84 705.67 184.17 08
18 93.35 55.45 37.90 10.91 30.37 28,58 179 .52 1071.53 1080.83 - -
’ 1? 30,27 19.67 10.60 11.01 9.75 7.95 1.8 1.87 288.97 300.75 - -
20 3.39 2.38 1.07 8.59 1.10 .97 .13 1.1 36.46  36.77 - -—
23 1.30 .98 .32 6.22 .41 a1 .- - 14,39 15.99 -
- 24 12.73 4,40 8.33 15.42 4.12 1.99 2.13 3.94 118.81 109.76 9.05 .02
25 26.51 1.93 24.58 22.45 7.09 .B8 6.21 5.67 197.19 146.34 50.85 .05
26 3.8 .32 3.48 18.94 1.09 .15 .94 . 5.12 44.09  24.49 19.60 3
27 11,05 1.05 10.00 16.70 4,05 .48 3.57 5.96 .137,66 80.12 57.54 .23
. " 28 21.43 2.44 18.99 13.64 B.14 1.12 7.02 5.08 347.88° 186.65 161.23 :1{
29 26.72 3.77 22.95 10.74 11.24 1.72 9.52 4,45, 513.44 286.49 226.95 rf{lx
30 46.02 5.51 40.51 12.91 16 .09 2.53 13.56 4.32 659.17 420.43- 238,74 .08
n- 31 47.53 6.68 40.85 10.76 15.30 3.06 12724 3.23 1100.68 508.48 592.2 .16
- June 1 32.31 4.14 28.17 11.94 11.79 1.89 9.90 4,20 707.61 315.92 391.69 17
. 2 14.89 2.28 12.61 9.72 5.99 1.04 4.95 3.82 427.98 173.69 254.29 .20
b 32541 4.71  20.70 7.1 11.28  2.16  9.12 3.40 1156.85 359.64  795.21~, .30 °
- 4 14.22 2.46 11.76 8.38 6.48 1,13 5.35 3.81 407.01 187.98 z19.q’3 .16
= 5 4,07 .78 3.29 7.34 1.42 36 1.06 2,36 94.13 60.04 _ 34.09 .08
6 3.12 .68 2.44 6.26 1.32 .31 1.01 2.59 66.21 52.17 14.04 04
i 715,62 270.12  445.50 299.13 114.17 184.96 f1398.?5 6890.75 4507.6
P
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Appendix D Forest runoff plot mass balance (continued).
Cal+ Mgz*’
Scour . Scour
/ Runaff Snownack Scour concent ration Runoff Snowpack Scour concentration
Date mg mg mg ng L_l mg mg mg . mg -1 :
‘ » . !
. May 2  603.51 364.90 238.6 0.260 311.06 137.30  173.75 .189 . \
3 8421 340,85 501.25 0,333 135.23 164.03 -~ - - |
7 8.08 1.564 6.50 0.161 3.23 2.61 0.62 015 l
8 13.25 2.1 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 .23 0.103 276.59 31.10 243.00 505 N |
r 14 962.4 292.73 671.68 0.550 500.58 100.72 399.74 .327 ’ '
15 1437.59 421.05 1046.54 0.580 648.81 144.59 503.01 .287 T :
! 16 1646.11 3B6.97 1259.14 0.780 660.96 133.65 52B.53 .327 N
17 1301.25 986.46 312.78 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 51,73 37.49 0.319 A%.33 11,82 37.54 319
23 25.66  22.66 3n 0.061 13.37 5.16 8.20 .160 .
. v 24 200.50 106.07 93.83 0.174 102.55  35.24 67.31 .125
s g 25 437.1 " 47.19 390.98 0.357 196.83 47.14  149.45 A7
26 69.77 7.86 61,96 0.337 31.23 7.89 23.33 A2
27 394,99  25.66 368.92 10.617 143.37  25.76 117.98 197 .
28 850.12  59.95 789,97 0,567 264.87 60,02 204.12 .147
29 1241.10 92.03 )1150.87 0.537 427.68 92.22 335.34 157
. 30 3075.67 134,94 2939.33 0.937 1160.33 138,23 1025.46 327
31 1555.88 163.21 1393.48 0.367  607.50 164.03 443.48 17
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
e 3 860.15 115.49 743.85 0.277 268.52 115.79 153.09 . .057
_ 4 350.88 60.35 290,73 0.207 112.27  60.51 51.76 037
5 116.49  19.27 97.24 0.217 49.33  19.32 30.01 .669
6 81.8 16,74 64,96 0.167 34.99 16.77 18.23 .182
20370.8 5878B.66 14534.25 10.24 7987.41 2337.66 5650.97 4,445 \)
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Appendix D Forest runoff plot mass balance (continued).
Nat K*
‘ Scour Scour
Runoff Snowoack Scour concentration Runoff Snownack Sgour concentration

Date mg mg mg mg L1 mg . mg ng mg L"l
May 2 887.8 344 .77 542.80 .993 512.21 224.83 287.78 Q.314
3 931.5 411.7 519.80 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 n.239 14.66 1.68 12.98 0.186

., 9 109.49 50.60 58.65 0.188 75.07 7.51 67.64 a.216
13--3%6.5 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 9.311 946,22 204.10 742.9 0.423

16 968.3 351.9 614.10 0.381 1098.71 187.68 907.12 ¢ 0.563

17 685.4 625.6 59.57 0,262 637.3 469.20 170.87 ' 0.075

18 064.8 954.5 - - 1243.38  723.35 523.94 0.151

19 328.9 266.8 61.41 0.064 57B.68 200.97 376.53 0.3M

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 a.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.?00

26 73.37 21.62 51.75 0,282 60.61 3.72 .57.09 0.310

27 389.7 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 1283.4 253.00 1030.40 0.482 918.85 43,56 875.84 0.410

30 2479.4 370,30 2109.10 0.672 1294.21 50.83 1255.11 0.400

31 1934.3 448.50 1485.80 8.391 1251.20 77.42  1176.9 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

4 294.4 166.06 128.57 0.918 210.36 28.58 181.82 0.129

5 147.89 53.13 94.76 9.212 44,97 9.15 35.70 0.80

& 109.02 46.00 63:02 7 0.162 43.01 7.94 34.92 0.895

16B36.0 6189.3 10646.70 0.815 13133.69 2893.40 10240.29 8203.18
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