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Wildfire in the boreal forests at the Experimental Lakes Area in Ontario caused significant losses of nitrogen and 
phosphorus in streams. Both watershed type and fire intensity appear to determine the extent of losses. The 
Northeastwetland basin lost more N and P, especially TDN, TDP, TN, and TP, thaw did terrestrial basins, although 
nitrate losses were higher from terrestrial basins. Losses of nutrients after the second fire generally were not as 
high as after the first fire. In the East basin, which burned twice with a high fire intensity, stream concentrations 
of NO3-, TDN, and TN were elevated for 6 yr between the fires and remained elevated for 9 yr after the second 
fire. In contrast, the Northwest basin burned with a lower intensity and had no significant increase in annual 
concentrations of P or most forms of N in the first 3 yr after the fire; only NO,- concentrations increased during 
this period. Despite the increases in export after wildfire, net retention of TN and TP over the 18-yr period was 
high. In the Northeast, East, and Northwest basins, retention of TN averaged 77, 80, and 87% compared with 
TP retention of 5 1 , 67, and 84%. 

Bes feux 6chappes dans les for& boreales de la zone des lacs experimentaux de IIOntario ont entralwk des pertes 
importantes d'anote et de phosphore dans les cours d'eau. Le type de bassin versant et I'intensite du feu sernblent 
tous deux dkterrniner I'arnpleur des pertes. Le bassin norel-est des terres humides a perdu une plus grande quantite 
de N et de PI  surtout du NDT, du PDT, du NT et du PT, que les bassins terrestres, qusique les pertes de nitrate 
ktaient plus importantes dans ies bassins terrestres. Les pertes de bio6l6rnents apres le deuxiPme feu ktaient en 
general moins klevkes qu'apres le premier feu. Dans le bassin est, qui  a 6tk deux fois l'objet d'un feu de forte 
intensit6, les concentrations de NO3-, de NDT et de NT ont et6 6lev6es pendant les 6 ans separant les feux, et 
le ssnt demeut-ees pendant 9 ans aprits le deuxiPme feu. Par contre, le bassin nord-suest a 6te I'objet d'un feu 
de moindre intensite et n'a pas rnontr6 d'augmentation marquee des concentrations annuelles de P ou de la 
plupart des formes de N au csurs des trois annbes apres le feu; seules les concentrations de NO3-- ont augment6 
pendant cette p6riode. Malgre I'augrnentation des teneurs en bioel6ments export6s aprPs les feux kchappes, la 
retention nette de NT et de PT pendant ces 18 ans a 6tt5 elevke. Bans les bassins nord-est, est et nord-suest, la 
retention de NT a atteint en moyenne 77, 80 et 87 %, respectivernent, pour une retention de PT de 51, 67 et 
84 %. 
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ire is an important pertubation in terrestrial ecosystems in 
the boreal forest. Natural wildfires commonly occur at a 
frequency sf one to several times per century in the south- 

ern boreal forest (Heinselman 1973; Swain 1973; Clwk 1990). 
In addition, prescribed burning following clearcutting is used 
extensively in forest management. In the southeast United 
States, prescribed fires did not cause an increase in chemical 
concentrations in downstream waters (Richter and Walston 
1982). However, most studies of the effect of fire on the chem- 
istry of surface soil report increased concentrations sf NH," , 
P, K 9  , Na " , and Mg' " for several months after a fire (DeByle 
md Packer 1972; McCol1 and Grigal 1975, 1977; Smith and 
James 1978). There are few studies documenting the effect sf 
wildfire in boreal forests on stream chemistry (Wright 19'76; 
Schindler et id. 19846). A few studies of wildfire in temperate 
and mountain ecosystems have shown increased concentrations 
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af various ions in streams (Brown et al. 1973; Wright 1976; 
Tiedernann et al. 1978). Most of the published studies on fire 
emphasize effects on hydrologic budgets and sedimentation 
(Tiedemann et al. 2978, 1979; Wiekerk 1983; Megahm 1983). 
Studies of the effects of wildfire on nutrient budgets which 
include pre- and psstbum data for the same watershed are rare 
(Schindler et al. 1980) and none reports data for more than 3 yr 
after a fire. Nutrient budgets have been constructed for a variety 
of forest management strategies (Likens et al. 1970; Johnson 
and Swank 1973). 

The purpose of this paper is to describe nitrogen (N) and 
phosphoms (P) budgets in three small boreal watersheds before 
and after forest fires. We will describe long-term effects of a 
1974 fire in the boreal watersheds (first described by Schindler 
et al. 1980) and will describe the effects of a 1980 fire in the 
same basins. In addition, we compxe 9 yr sf prefire data on 
one stream with 9 yr of postfire data on the same stream. We 
will also describe the effects of these fires on the chemical 
budget of the adjacent oligotrophic lake. Our objectives are to 
compare the retention and loss of N and P in the two terrestrial 
and one wetland watersheds. We compare the effects of fire on 
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these watersheds with other published fire studies and with for- The Fires 
est management techniques -such as clearcutting and herbicide 
application (Likens et al. 1976; Johnson amd Swank 1973; The 1973 Windstorm and 1974 fire 

Aubertin and PatHic 1974; Bomann et al. 1974; Feller and 8 n  July 7, 1973, a powerful windstorm accompanied by a 

Kimrnins 1984; Swank 1987). severe thunderstorm struck the experimental watersheds. Esti- 
mated blowdown was less than 20% in the NW subbasin but 

Materials and Methods 

The Study Watersheds 

The study area is in the Experimental Lakes Area (ELA) of 
northwestern Ontario (Bat. 49"401N, long. 93"44'W). The 
watershed sf Rawson Lake (Lake 239) is composed of three 
distinct stream drainages (referred to here as subbasins), plus 
an area which drains directly to the lake (Fig. I). All three 
subbasins are underlain primarily by pink granodiorite 
composed of 48% quartz, 40% plagiocase, and 18% K-feldspar? 
with traces sf ilmenite, muscovite, and kaolinite (BmnskiBl and 
Schindler 1971). Lower lying areas and valley bottoms are 
typically occupied by orthic bmnisols, underlain by sand and 
boulder till which are from a few centimetres to a few metres 
in thickness. 

The Northwest (NW) subbasin (56.4 ha) drains directly to a 
120-m stream segment, though a 2-ha wetland, and enters the 
lake over a M-notch weir. The East (E) subbasin (178.3 ha) is 
larger tham the NW subbasin and more complex, with a much 
longer (l 100 rn) stream segment. While there is a small boggy 
area high in the watershed, 80% of the surface is upland. The 
Northeast (NE) subbasin (12.43 ha) contains an acid bog (pH 
3.9-43, which occupies 30% of the basin, into which all 

50-180% in the other two subbasins. Blowdown was most 
severe on the hilltops. Trees in the bog areas in the NE subbasin 
were relatively untouched. 

On June 26, 1974, an extremely hot forest fire burned both 
the NE and E subbasins. The flame-front intensity was 13 000 
kw-m- ' (Schindler et al. 1980). Virtually all vegetation less 
than 2.5 cm in diameter was consumed, and organic matter in 
surface soils was mineralized to a depth of several centimetres. 
In the NE subbasin, the southern end (35%) of the bog burned 
as well as upland areas. The NW subbasin was not touched by 
the fire. 

The 49884k're 
On June 20, 1980, a second forest fire occurred in the Lake 

239 (L239) basin. Set by a lightning strike to the SW of the 
L239 watershed, the fire swept up both sides of the lake. On 
the east side of the lake, in the E subbasin, much of the timber 
killed in the 1974 fire had fallen, lying criss-crossed in a layer 
up to a metre deep, with a new, thick cover of PopuEus tre- 
muloides Michx., Pinus banksiana Lamb., and herbaceous 
vegetation reaching up to 2 m in height. This provided fuel for 
a very hot, fast-moving fire in the E subbasin, which consumed 
almost all of the vegetation, leaving bare bedrock with isolated 
pockets of thin overburden. Almost all organic matter in the 
soils was also combusted. 

upland areas drain.  he bog outflow collects in a short stream Approximately 50% of the upland portion of the NE subbasin 
channel monitored by a weir and then disperses over surface burned in the 1986 fire, but the wetland and some adjacent 
rocks into the lake. upland did not bum. 

UNBURNED IN 1980 FIRE 

METEOROLOGICAL STATION 6 3W 600 
I 1 

STREAM CHANNEULAKE BOUNDARY METRES 
N 

g<g&~gi ,, SUBBASIN BOUNDARY 

FIG. 1. The L239 watershed at ELA showing the NW, NE, and E subbasins. Grey areas burned in 
1974. All of the E239 watershed burned in 1980 except for the hatched areas. 
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The NW subbasin was burned in the evening md overnight 
on June 21. Winds were low and humidity was high. As a 
result, vegetation was killed, but little was consumed. Needles 
and %eaves were left intact on trees and many shrubs. Figure 1 
shows the extent of both the I974 and 1980 fires. For a year 
after the 1980 fire, black clouds of charcoal and dust reduced 
visibility in the area on windy days. 

Vegetation before and after the Fires 

Before the fires, hilltops and steep slopes were thinly for- 
ested, while less steeply sloping areas were thickly forested and 
covered with moss and lichens to a depth of a few centimetres. 
Before the fires, all upland areas were vegetated by a mature 
virgin community of jackpine (Binus banksiana) and black 
spmce (Picea mariapza (Mill.) BSP), with paper birch (Betula! 
papyrifera Marsh.) and trembling aspen (P~pulus aemtalsides) 
also abundant. Red pine (Pinus rese'nosa Ait.), white pine 
(Pinus seroksus L.), and white spmce (Picea gCaucee (Moech) 
Voss) were also present in small numbers. 

A f  er the first fire in the E and NE subbasins, all areas reveg- 
etated rapidly. Small jackpine, black spruce, popla. birch, bal- 
sam poplar (BopuHus bac&sam$era L.), and pin cherry (Prunus 
peaasylvanica L.) were present. Dense herbaceous and shrub 
vegetation was dominated by fireweed (Epilobiurn eengustifol- 
kum L. , black bindweed (Polygonurn convolvufus L.) , blue- 
berry (Vaccinieem spp .), and raspberry (Rubus sarigsseks 
(Michx.)). Within 3 yr after the fire, jackpine stands were so 
dense as to be almost impenetrable, except in high, rocky areas 
of the E subbasin where cones were totally combusted. Reveg- 
etation of the NW subbasin after the 1988 fire (the only fire in 
that subbasin) was also rapid. 

After the second fire, revegetation in the E subbasin was very 
slow. Some ridgetop areas had almost no plant cover (C 1 plant 
in 100 m2) 2 yr later. Lower-lying areas were sparsely covered 
with jackpine, trembling aspen, pin cherry, saskatoon (Arne- 
lanchker aknqokia Nutt .), and balsam poplar. Herbaceous and 
shrub cover, of the above-mentioned species, was also very 
sparse. 

While upland areas of the NE subbasin were very similar to 
those of the E subbasin after the second fire, the vegetation in 
the boggy areas of the NE subbasin was little affected by the 
fire and was (md still is) dominated by black spruce and Sphag- 
num species, chiefly Sphagnum fuscurn (Schimp.) Klinggr., 
S .  angust$o&ium (Russ.) C. Jens., and S. rnageklanicurn Brid. 
Some trees in the bog were killed, and surface Sphagnunz was 
scorched in places. Except for black spmce trees, recovery was 
rapid in the bog, and Vitt and Bayley (1984) detected no dif- 
ference in understory vegetation in the burned and unburned 
portions of the bog. After the 1974 fire, jackpine invaded the 
southerly (downstream) end of the bog, while the upper end 
still has an open stand of black spruce. 

Data Collection and Analyses 

Hydrologic and chemical budgets 
Water flows in the NW and E subbasins were measured con- 

tinuously with weirs and stage recorders during the ice-free 
season. The NW subbasin weir was installed in 1970. The E 
subbasin weir was installed in mid-June 197 1 .  The NE subbasin 
was measured intermittently from 1971 to 1973; in 1974, a 
continuous recorder was installed. Regressions of E or NE flow 
versus NW flow were used to estimate daily flow from E and 
NE weirs during periods of missing record. Winter discharge 

of water was rare in all thee subbasins and measured manually 
when necessary. A year-round weir at the outlet of L239 and 
a level recorder on the lake provided a check on hydrological 
measurements. All precipitation and stream discharge data are 
presented based on a water year (November 1 through 
October 3 1). 

Water samples for chemical analyses were collected weekly 
during the ice-free season (May-October) at the weir in each 
subbasin. Samples also were taken occasionally in early spring, 
falll, md winter. During spring melt, there was an intensive 
sampling effort (see later). Chemical methods are reported in 
Schindler et al. (1976, 1980) and Stainton et al. (I  977). 

The chemical budgets for the subbasins were cdcaalated by 
estimating the daily chemical concentration (based on linear 
interpolations between weekly chemical measurements) and 
multiplying these by daily water flows. Mean annual concen- 
trations are volume-weighted concentrations for each year cal- 
culated from the total export divided by the total water flow. 
Monthly concentrations and annual exports of mass are simi- 
lady calculated. The budget data (1870-76) presented in 
Schindler et al. (1980) have been recalculated and include bet- 
ter estimates sf  spring melt and October and November 
hydrology. 

Weekly water sampling may lead to poor representation of 
stomflow chemistry relative to base flow conditions and thus 
give only poor estimates of annual mass transport. This prob- 
ably has not produced a significant bias in the annual subbasin 
budgets at ELA for the following reasons: (1) while the rising 
limb of the stom hydrographs generally had increased concen- 
trations of NO,-, total dissolved nitrogen (TDN), total dis- 
solved phosphorus (TDP), suspended nitrogen (Susp N), and 
suspended phosphorus (Susp P), the peak Wow and falling limb 
had lower concentrations than the base flow and the volume- 
integrated concentrations were usually only slightly higher than 
base flow conditions and (2) there was no statistically signifi- 
cant relationship between flow and concentration in the 
subbasin (unburned period 1971-79, n = 288-330) for the 
following parameters: NO, - (r2 = 0.0006), NH4 ' 
(3 = &WOO), TDN (? = 0.0005), md TDP(? = 0,0019). 
Susp P concentrations significantly correlated with flow at a 
low level (9 = 0.027) in the NW subbasin during the prefire 
yews and therefore the failure to measure flows following some 
stoms could result in a slight underestimation of annual export 
of Susp Po Flows and concentrations during many of the large 
stoms were actually measured, so it is the small to medium- 
sized summer and fall stoms that could cause an under- 
estimation, but this is unlikely to be serious because the 
relationship between flow and concentration for summer and 
fall was poor (Susp P had 3 = 0.054 and ra = 231). Bias in 
mass expos generally did not occur dukng the high flows in 
spring melt since these were measured. According to Johnson 
(1979), acceptable estimates of annual mass flux can be 
obtained from samples collected weekly provided all flow 
stages are represented. 

Statistical approach and analysis 
To perform statistical analyses of subbasin exports and 

streamwater concentrations before and after fires, masses 
exported and streamwater concentrations were calculated on the 
basis of the fire (and windstorm) events. The events occurred 
on July 7, 1973 (windstorm), June 26, 1974 (first fire), and 
June 20, 1980 (second fire). The following time periods for the 
NE and E subbasins were used in Tables 1-5. Refire period: 

Can. d .  Fish. Aquat. Sci., V01. 49, 6992 



the 1973 windstorm are ignored and because of this, interpre- 
tations of seasonal fire effect are consemative. 

To present the effect of fires visually (in Fig. 2 4 ) ,  volume- 
weighted mean annual concentrations were calculated starting 
in Bate June to avoid bias due to the late June fires. 

Results 

Changes in Basin Exports after Fire 

Water yields 
Annual precipitation varied almost twofold, from 854 mm 

in 1985 t i  506  mm in 1976 (Fig. 2). The high interannual 
o variability in rainfall made interpretation of the effects of fires 
1 9 6 9  1 9 7 4  1 9 7 9  'I 1989 on water yield difficult because the basins were responding to 

YEAR a variety of changes in vegetation and soil moisture, 
FIG. 2. Annual yield from the three ELA streams and annual precip- temperature, eva~Grans~iratibn9 and wind velocity. In 
itation from I97 1 to 1989. particular, below-average annual precipitation from 1979 to 

1988 (except 198% mQ 1985) followed the fire years and 

June 197 1 to July 6, 1973; windstorm period: July 7, 1973 to 
June 25, 1974; psstfire period la: June 26, 1974 to June 25, 
1977; postfire pekod lb: June 26, 1977 to June 19,1980; post- 
fire period 2a: June 20, 1980 to June 19, 1983; postfire period 
2b: June 20, I983 to June 19,1986; postfire period 2c: June 20, 
1986 to June 20, 1989. 

In the NW subbasin, the prefire period was 9 yr (June 1971 
to June 19, 1988) and the 9 yr of the postfire period then follow 
as described for perids %a, 2b, and 2c above. 

To determine statistically the effect of fires on chemical 
exports and streamwater concentrations, a Student t-test was 
used to test the nu%% hypothesis that the mean of the exports (for 
streamwater concentrations) for the postfire periods was the 
same as that prior to the fire. If the test statistic was significant 
at a = 0.05, then the psstfire period was considered signifi- 
cantly different fmm the prefire mean. 

Statistical analysis of the impact of fire on the seasonal con- 
centrations of nutrients was similar1y performed. Monthly con- 
centrations and standard errors were calculated for all prefire 
years and compared with the mean monthly concentrations and 
standard errors in the 3 yr after fire. For the NW subbasin, the 
pstfire period was June 24, 1980 to October 26, 1983. Brefire 
years are calculated from data fmm 197 1 though June 19, 
1980. For the E and NE subbasins, the period of June 17, 1 974, 
to November 30, 1977, was considered to be ' "pstfire. Any 
recovery during this period was ignored. Likewise, effects of 

confounded simple interpretations (Fig. 2). In adchion, the 
windstorm in 1973 caused increased yield of water (Schindler 
et al. 1980). 

However, the effect of the 1974 fire and the 1973 windstorm 
can be seen by comparing the increased yield from the wind- 
damaged and burned NE and E subbasins with the lower yield 
in the same years from the unburned and slightly wind-damaged 
NW subbasin (Table 1). The yield remained higher in the NE 
and E subbasins compared with the unburned NW subbasin for 
5 yr after the fire (individual years not shown). 

By 1979, annual water yields in the NE and E subbasins were 
close to that from the unburned NW basin (individual years not 
shown). After the 1980 fire in which the NW subbasin burned 
as well, yields increased in the N W  and E subbasins (Table 1). 
The water yield from the E basin after the second fire was lower 
than the yield after the first fire. 

The water yield from the wetland basin after the 1980 fire 
(1980-83) was less than the yield after the 1974 fire (1974- 
77) for two possible reasons: the precipitation in 1978-83 was 
Iower than in the early 1970's creating a greater storage deficit 
in the past, and the wind speed was higher causing higher 
evapotranspiration. 

Chmges in Chemical Exports after Fire 

In the NW subbasin, annual export of NO,- was low and 
variable until the 1980 fire. ]In 1981, 1 yr after the fire, exports 

TABLE 1. Precipitation, discharge, and yield (dischargelprecipitation) on an annual basis in three ELA 
watersheds during the periods before and after fires (data in mrn of water). The symbol T denotes 
significantly @ > 0.95) higher and 0 denotes significantly lower than the prefire period (June 1971 
to June 19'53) in the NE and E subbasins. Double underline denotes when the first fire occurred. 

Annual discharge Annual yield 
No. of Annual 

Period yeas precipitation NWa E NE NW" E NE 

R e  f i e  2 743.1 266.9 267.4 286.4 0.359 0.360 0.385 
Windstorm 1 849.4 325.9 436.8 393.1 0.384 0.514 0.463 
Postfire la 3 630.5' 151.5 0.239 t t 

Postfire 1b 3 614.2 156.9 213.8 219.5 0.243 8.335' 0.336' 
Postfire 2a 3 668.6' 228.5 187.9' 0.338" 0.274' 
Postfire 2b 3 675.9 213.3 257.5 282.3 0.307 0.369 0.402' 
Postfire 2c 3 615.8" 14'7.3" 117.9" 133.7" 0.229' 0.185' 0.208" 

- -  - - 

9n the NW watershed, fire ddi not occur until period 2a and the statistical comparisons are based 
on a prefire period of 1971-80. 
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fire). There was no apparent effect of the second fire compared 
with the prefire period. Exports were elevated in the 1983-86 
period. Exports of ammonium from the E subbasin increased 
more after the windstorm and in the 1983-86 period than during 
the two periods immediately postfire (Table 2). 

The annual export of TDN increased significantly in the NE 
md E subbasins after the 1974 fire (Table 2). After the 1980 
fire, TDN was significantly higher than prefire exports in the 
E subbasin but not in the boggy NE subbasin. After the first 
fire in the NW subbasin, there was a significant increase in 
TDN export. 

The annual export of total nitrogen (TN) and Susp N 
increased significantly in the NE and E subbasins after the 1974 
fire (Table 2). After the second fire (B980), the E subbasin 
showed a significant increase in TN, but the boggy NE subbasin 
did not show an increase. The NW subbasin showed a signif- 
icant increase in export of TN after the 1980 f i ~  that was due 
primarily to the increased export of TDN. 

Annual retention sf all N foms was high in all subbasins 
regardless sf fire or windstorm (Table 2). Nitrate retention was 
generally greater than 90% of inputs except for just after the 
1974 fire in the E subbasin. In the NW subbasin, percent reten- 
tion ranged from 88 to 92% sf ail N inputs regardless of fire. 
The greatest export (or lowest percent retention) was observed 
for TDN in the E md NE subbasins after both windstorm and 
fire. The second fire did not decrease percent retention in either 
the E or NE subbasin. 

Percent retention of N was higher than percent retention of 
P in both wetland and upland subbasins. In the wetland, net 
TN retention averaged 77% sf deposition versus 80 and 87% 
for the E and NW upland subbasins for the entire 18-yr period 
of recard. The comparable retention of total phosphoms (TP) 
was 5 1% in the wetland subbasin versus 67 and 84% for the E 
and NW subbasins, respectively. Presumably more N is retained 
thaw P because these boreal forest ecosystems are N limited. 

There was no significant difference between the subbasins due 
to the wide variance caused by the fire events. 

The annual export of TDP and TP increased in the NE sub- 
basin after the first burn (1974) (Table 3), with the peak loss 
of TDP and TP in 1975 at 152 and 183 geha '-yr- I ,  respec- 
tively. There was no significant increase in export of TDP or 
TP from the E subbasin after the 1974 fire. There was no 
increase in Susp P export from any subbasin (data not shown). 
The 1980 fire had no effect on P export from any subbasin. 
Percent retention of TP and TBP was lower after fire in the NE 
subbasin than in the upland subbasins. 

Changes in Mean Annual Stream Concentrations after Fire 

Nitrote 
The first burning affected both upland subbasin streams sim- 

ilarly. In the E subbasin stream, the 1974 fire caused the mean 
annual concentration of NO, - to increase from 22 to 
173 pgoL--'. In the 3 yf- after the fire, there was an average 
sixfold increase over the prefire concentrations. The second 
(1980) burning of the E subbasin did not cause an effect of 
similar magnitude, although concentrations had not returned to 
levels observed in 197 1-73 before the fire occurred (Fig. 3A). 
In the 3 yr after the first fire (9980) in the NW subbasin, stream 
concentrations sf NO,- increased sixfold compared with the 
prefire period (1971-80) (161 versus 24.6 pg-L- ') (Table 4). 

In the wetland stream (Mi), NO,- concentrations increased 
after both fires compared with the prefire period, but the con- 
centrations were much lower than in the terrestrial basins 
(Table 4). 

Ammonium 
After the first fire (B974), NH,+ concentrations increased 

rapidly in both the E and NE subbasin streams, peaking 3 yr 
later in 197'7 (Fig. 3B). Values after that time remained above 
the 1971-73 value, but were little affected by the 1888 bum 
(Table 4). 

TABLE 3. Enput, export, and retention of TDP and TP in the three EEA watersheds before and after fire (data in kgsha-'syr- '). %R = % 
retention. 'Flae symbol t denotes data significantly higher @ > 0.95) and O denotes data significantly lower than the prefire period (June 1971 
to June 1973) in the WE and E subbasins. Double underline denotes when the first fire occurred. 

W" E NE 
No. of - 

Period yeas Input Export Retention %R Export Retention %R E x  Retention %R 

Refire 
Windstorm 
Postfire l a  
Postfire Bb 
Postfire 2a 
Postfire 2b 
Postfire 2c 

hefire 
Windstam 
Postfire l a  
Postfire I b 
Bsstfire 2a 
Postfire 2b 
Postfire 2c 

TDP 

"In the NW subbasins fire did not occur until period 2a and the statistical comparisons are based on a prefire period of 1978-80. 
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YEAR YEAR 

YEAR 
FIG. 3. Mean annual concentration sf $9 species in the 

YEAR 

thee EEA streams from 197 1 to 1989. 

TABLE 4. Concentrations of N in streamwater from three ELA watersheds before and after fire (data in geg*Eu'). The symbol f' denotes data 
significandy higher (ps > 0.95) and 0 denotes data significantfy lower than the prefire period (June 1971 to June 1973) in the NE and E 
subbasins. Double underline denotes when the first fire occurred. 

No. NO,- -N NH,' - N Snsp N TDN TN 
of 

Period yems NWa E N E  Wa E N E  N W a  E NE ma E NE W E NE 

Refire 2 12.8 22.5 6.0 13.0 16.1 18.1 29.7 51.3 47.7 276.7 334.4 347.1 306.4 385.7 414.8 
Windstom 1 15.1 40.1 8.7 15.7 22.6 26.9 35.5 55.5 131.0 289.7 355.6 376.0 325.1 411.1 507.0 
Postfire la 3 38.8 mt 19.6 u' ut 48.7 u' Ut 436.7 
Postfirel$ 3 21.5 58.9' 2.8O 19.5 24.3t 24.fit 64.1 2 72.4 424.2 
Postfire 2a 3 87.2t 18.2 25.0t 28.5+ 80.0t 44.5' 
Postfire 2$ 3 30.4 56.0' 5.8 30.1t 41.1t 36.4' 76.5' 87.0' 61.9 484.6 570.4t 625.1t 561.2 657.4t 687.0' 
Postfire 2c 3 84.0' 96.3t 18.0' 40.3t 31.7t 34.3t 65.fit 75.0 77.3t 730.gt 720.2t 785.7t 890.7t 795.1"8$3,' 

"In the NW subbasin, fire did not occur until period 2a and the statistical compdsons are based on a prefire period sf 1971-80. 

In the NW subbasin stream, there was little evidence that fire 
caused an increase in NH,+ concentrations after the 1988 fire 
(Table 4). Concentrations in all thee basins increased in the 
dry periods (1984, 1986, and 198'7). Drought in 1976 also 
caused an increase in NH,+ in the unburned NW subbasin 
(Fig. 3B). 

Suspended nitrogen 
In the NE stream, the concentration of Susp N increased sig- 

nificantly after the 1974 fire compared with the prefire condi- 
tions (Table 4). Postfire peaks were also observed in the E 
stream, but the peaks followed bsth fires by 2 yr. Susp N con- 
centrations in the NW stream were fairly constant from 1971 

to 1978 and were erratic thereafter without apparent cause 
(drought or fire). 

Tolak disso&ved nitrogen 
TDN constituted about 66% sf  the TN lost from all three 

subbasin streams (Fig. 3C). The 1974 fire caused approxi- 
mately a twofold increase in TBN in bsth the NE and E sub- 
basin streams (Table 4). There is some evidence for a partial 
recovery in 1977, but the 1980 bum caused the TBN concen- 
trations to remain high in both subbasins (Fig. 3C). In the NW 
stream, there was no significant effect sf the fire on TBN con- 
centrations based s n  the 3-yr fire period (Table 4), but during 
the fire y e a  (1980), concentrations increased dramatically 
(Fig. 3C) and then returned to background levels within a year. 
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FIG. 4. Mean annual concentration of P in the three ELA streams from 
1971 to 1989. 

Concentrations in the NW stream in the period 1974-88 before 
the first fire were significantly higher than in 1971-73, pre- 
sumably due to leaching of imported ash from fires in the adja- 
cent subbasins (Fig. 3C).  

Total nitrogen 
TN concentrations largely mirrored patterns in TDN 

(Fig. 3D). Concentrations after the 1974 fire were doubled in 
both NE and E streams (Table 4) and remained higher than 
prefire values through 1979. After the second fire, eoncenh- 
tions of IT4 increased again in the NE stream, but not in the E 
stream. In the NW stream, concentrations of TN generally 
increased through the 1970's, with peaks in 1975 arid 1979 
(Fig. 3D). The fire in 1980 produced a significant increase in 

TN if the entire prefire record (197 1-80) was compared with 
the 1980 fire year alone (429 versus 745 (ag.L- I ) ,  but not if 
the fire period 1980-83 was used (543 pg.L- ' in Table 4). In 
1979-88, all streams usually had high concentrations of TN 
and TDN, but the effects of drought and fire cannot be sepa- 
rated. Hw the 1876 drought, the unburned NW subbasin had 
elevated stream concentrations of both TDN and TN. 

Total dissolved phosphorus and total phospkoreas 
Concentrations of TDP in the NW stream ranged from 6 to 

10 pgok- ', with no apparent impact of the 1980 fire (Fig. 4A). 
In contrast, both fires caused a 38% increase in the concentra- 
tions in the E stream. The wetland-dominated NE stream had 
dramatic increases (over 3 times in 1975) in concentration fol- 
lowing the 1974 fire, although the second fire caused increased 
concentrations only for B yr, not the entire 1980-83 period 
(Table 5). The pattern of TP concentrations in the three streams 
(Fig. 4B) was similar to those described for TDP, with the wet- 
land stream showing the Iargest response to fire. 

Suspended phosphorus 
While more variable than TDP, Susp P concentrations in the 

W stream were similar, showing no effect of fire (Fig. 4C). 
However, concentrations increased during the 1983-88 period, 
but this increase cannot be attributed to fire during this very 
dry period. In the E strem, concentrations increased after both 
fires (Table 5). The windstom but not the fire increased Susp B 
in the NE strem (Fig. 4C). There was no detectable increase 
in Susp P after the 1980 fire in the NE subbasin. 

Effect sf Fire on Monthly Concentrations and Flows 

Nitrate 
The greatest effect of fire on NO,- concentration in all 

streams was during the nonvegetative season with increased 
concentrations md high variability (Fig. 5; only NW stream 
shown). During summer months, growing vegetation took up 
NO, - so that stream concentrations did not differ significantly 
from prebum years. 

Ammonium and suspended nitrogen 
The pattern for NH,' in the E stream was similar to that for 

NO,- in the NW stream, with postfire concentrations above 
prefire d u e s  during early spring and fall, but relatively 
unchanged during the vegetative season. An exception was the 
W subbasin, where psstfire values were not significantly dif- 
ferent from prefire values (Fig. 6). There was little evidence 
of postfire changes in Susp N, Values exceeded the normal 
prefire range only in a few incidental samples collected in mid- 
winter in the stream (data not shown). 

Total dissolved nitrogen 
In both upland (E) and wetland (NE) subbasins, eoncentra- 

tions of TDN were much higher throughout the year after fire, 
with little evidence of a seasonal pattern (Fig. 7A; NE data not 
shown). In contrast, the seasonal pattern for TBN in the NW 
stream following the 1984% fire showed a pronounced spring 
maximum and summer minimum, similar to NO,- concentra- 
tions (Fig. 7%). 

Total dissolved phosphorus 
Evidence for seasonally elevated concentrations of TDP due 

to fire was observed only in the NE stream. The increase was 
most pronounced in winter (5 times), dropping to less than 
2 times for the remainder of the year (Fig. 8). 
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TABLE 5. Concentrations of Susp P, TDP, and TB in the three ELA streams before and after fire (data 
in pg.L- '1. The symbol t denotes data significantly higher OJ > 0.95) and 0 denotes data significantly 
lower than the prefire period (June 1941 to June 1973) in the NE and E subbasins. Double underline 
denotes when the first fire occ~ned.  

Susp P TDP TP 
No. sf 

Period years NWa E NE NW" E NE NW" E NE 

Pre fire 2 3.2 6.6 7.5 8.5 11.4 13.4 11.7 18.4 20.9 
Windstorm 1 3.2 6.8 16.5 6.9 11.5 15.3 10.0 18.3 31.9 
Postfirela 3 3.4 9Jt 8.5 m' 36' 11.9 u: ul 
Posefire 1 b 3 3.5 6.7 6.5 6.6 13.1' 18.9t 80.1 89.9 25.4' 
Postfire 2a 3 11.5' 4.8' 17.0' 24. I T  28.61~ 28.9' 
Postfire 2b 3 ' 8.3' 6.4 11.2' 14.3' 13.4 17.5' 22.7' 19.9 
Postfire 2c 3 7.1' 8.3' 4.8 10.3 13.3 17.9' 18.9' 2 i 1 . 5  25.9' 

"In the NW subbasin, fire did not occur until period 2a and the statistical comparisons are based 
on a prefire period of 197 1-80. 

- POST-FIRE 

APW MAY JUN JUL AUG SEP O@T APR MAY JUN JUL AUG SEP OCT 

MONTH MONTH 

Fie;. 5. Monthly concentrations of NO,--N before and after fire in the FIG. 6. Monthly concentrations of NH,'-N before and after fire in the 
NW stream (mean & 2 SE). NW stream (mean 2 SE). 

Nitrogen and Phosphorus Budgets of Lake 239 

Fire in the subbasins of L239 increased the inputs of TN to 
the lake. However, fire was not an important contributor 
because TN inputs from precipitation ranged from 36 to 59% 
of the total inputs and were independent of the fires. The most 
striking feature of the long-term data set is the decrease in out- 
flow sf N over the 18-yr record (Table 6). In the 1 9 8 8 ' ~ ~  a 
greater proportion of the N entering the lake has been retained, 
and Sehindler et al. (1998) attributed this to the decrease in the 
flushing time sf the lake caused by the decreased precipitation 
and increased temperature during this period. Net retention sf 
TN ranged from 54% of inputs in the yew of the windstorm to 
88% of inputs in the dry 1983-86 period. TP patterns of input 
and outflow in L239 ware similar to those of TN (Table 6), with 
inputs of TP from runoff 38-65% of total inputs to the lake. 
TP export from the lake decreased over the period of record 
due to the decrease in the flushing rate of the lake. Fires in the 
three main subbasins sf the lake were not as important to the 
nutrient budgets as the changes in precipitation, mnoff vol- 
umes, and flushing rate during that period. 

Discussion 

Net Retention and Loss of Nutrients from Upland Watersheds 

In the past, some fear has been expressed that nutrient losses 
from fires would be high enough to kinder the regrowth of new 
vegetation. This seems unlikely in the forested watersheds at 
EEA, given the small increases and relatively short period of 
elevated losses following a fire. In the NW subbasin, annual 
stream losses of N after the fire were only 15% of atmospheric 
input, compared with 12% before fire (Table 2). In the E 
subbasin the losses of N after the first fire were greater; 3 1% 
of annual atmospheric inputs were lost compared with 10% 
before fire. P losses were not great, with net losses after fire 
only slightly higher than prefire losses in the NW subbasin. In 
the E subbasin, a maximum of 39% of annual atmospheric P 
inputs were lost in the 1974 fire. 

Upland xeas retained most of the N and P entering with 
precipitation, even after two bums. It is probable that the fire 
actually increased the N available for forest growth, for 
concentrations of NH,' in soil water of the E subbasin after 
the 1974 bum were a 1008-fold higher than concentrations in 
the unburned NW subbasin (D. W. Schimadler, unpubl . data). 
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FIG. 7. Monthly concentrations of TDN before and after fire in the 
(A) NW stream and (B) E stream. 

During the period of active plant growth, concentrations of 
NO,- in outflow were lower than in early spring and late fall, 
as one might expect (Fig. 5). This biological regulation was 
intense enough to prevent NO,- losses from exceeding the 
prefire confidence limits in the summer. During spring and fall 
when vegetation was dormant, the effect of fire was evident. 
In contrast, the NH,+ and TDN (which was primarily organic 
N) in the stream showed little evidence of a seasonal 
pattern, indicating that it was reasonably unaffected by 
vegetative uptake (Fig. 7). 

Net Retention and Loss of Nutrients from the Wetland 
Watershed 

Exports of P from the wetland (NE) subbasin were higher 
than from the upland areas, both before and after burning 
(Table 3). In the 3 yr after the 11974 fire, outflow losses were 
over half of the TP and all sf the TDB supplied annually by 
precipitation. Net retention of TDP continued to be low until 
6 yr after the second fire. After that time, over 60% of the TDP 
was retained. Net retention of TP (and Susp P) was higher than 

APR MAY JLBN JUL ALDG SEP OCT 

MONTH 
FIG. 8. Monthly concentrations of TDP in the NE stream before and 
after fire (mean .? 2 SE). 

TDP and increased after the 1974-77 fire period so that net 
retention was generally greater than 70%. Retention of TP in 
the ELA wetland was higher than the retention measured by 
Bevito et al. (1989) in eastern Canadian wetlands and was sim- 
ilar to values obtained by Verq and Timrnsns (1982) in Min- 
nesota wetlands. 

Exports of TN, TDN, and Susp N from the wetland subbasin 
(NE) were higher than exports from the terrestrial (E) subbasin 
for the comparable fire periods. This is expected because wet- 
lands are known to export organic fonns and retain inorganic 
fonns of N (Devito et al. 8989). However, retention of TN by 
the wetland at ELA, even with the fire, was greater than 77% 
of inputs. This is also muck higher than the net retention in 
eastern Canadian wetlands (Devito et aI . B 989). NO, - export 
from the wetland subbasiw was 7 times lower thaw from the 
upland subbasin. The low export of NO3- was expected 
because retention experiments with Sphagnum have shown 
NO3- assimilation to be extremely high (Bayley et al. 1987; 
Urban et al. 8988). NH,' exports were sometimes higher from 
the wetland and sometimes higher from the ternstrial subbasins. 

Effect of Multiple Fires and Fire Intensity on Nutrient 
Concentrations 

A second fire in the basin within such a short time period 
might be expected to aggravate soil loss, increase erosion, and 
cause nutrient shortages for the vegetation. Such results were 
not investigated, although the terrestrial and wetland subbasins 
differed in behavior in terns of nutrient retention. While the 
first fire in the NE and E subbasins caused increased concen- 
trations of N and P in those streams, recovery of P generally 
occurred within 2-3 yr after the first fire (Fig. 4). After the 
second fire, TP concentrations in the terrestrial E subbasin 
increased again and did not return to prefire levels. In the wet- 
land subbasin (NE), the second fire did not cause an increased 
loss of B. 

Tke elevated N concentrations (particularly TDN) in the 
streams were more prolonged than P. Baseline conditions in the 
NE and E streams had still not been reached by the time sf the 
1980 fire (Fig. 3C and 3D) and remained elevated through 
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TABLE 6. N md B budgets of L239 ow an annual basis during periods before md after fire in the watershed (data in kgoka-'.yr-I). %R = % 
retention. 

- - ---- - - -  - 

Export fmm 
terrestrial areas to lake 

No. sf Direct Total Precipitation Total 
Period years W EAST NE runoff mnsff input input Output %R 

Refire 
Windstom 
Postfire la  
Postfire 1Ib 
Postfjre 2a 
Postfire 2b 
Postfire 2c 

Areas of basins (ha) 

1988. While the 1980 fire caused new increases in concentra- 
tion of N and P, the relative increase was weaker than after the 
1974 fire. The TDN concentrations in 1986-89 were higher in 
all three subbasins than during any other period in the 118-yr 
record (Table 4). This 3-yr period was also a very dry period 
(Table 1). 

Both fires in the E subbasin were much more intense than 
the one in the NW. In the former basin, almost all organic 
matter was completely consumed whereas in the W subbasin, 
most vegetation was killed by the fire, but Iittle organic matter 
was oxidized and even the dead needles on coniferous trees 
wepe left intact. It is likely that the more intense fire consumed 
more organic matter which in turn made more N and P available 
to be leached. This difference may explain why increased losses 
of N and P occumd for several years after the E subbasin 
burned, but not in the WW where increased losses s f  NO, - and 
TDN occurred only in 1980 fire y e a  but not in subsequent 
yeas. 

Changes in the Nutrient Budget sf Lake 239 

The total inputs of P and N to the lake were only slightly 
affected by fire. Approximately half of the input of both 
nutrients was by direct precipitation on the lake surface, and 
this was unaffected by the fire. Runoff sf TB to the lake from 
the entire watershed increased by only 5%,  while the TN 
exported to the lake from the entire watershed increased by 26% 
in the 3 yr after the fire (Table 2). Given that the 6ong-tern 
water renewal time for L239 is 9.1 yr md that inputs (partic- 
ularly of P) would be elevated for much less than that period, 
it is unlikely that nutrient concentrations, productivity, or phy- 
toplankton standing crop of the lake would increase due only 
to fire. Schindler et al. (1990) did observe increases in N con- 
centration, productivity, and phytoplankton biomass in the 
IS-yr period, but decreased precipitatibn and increased water 

TABLE 7. Cornp~son of ELA subbasin outflow altered by fire and by 
clearcuttinag (data in pg-E- '). 

Clearcut subbasins" East subbasin 

After After 1971-43 1945 1976 
Uncut 1 yr 2 yr (pnfin) (after B yr) (after 2 yr) 

No, - 4.0 20 10 28 193 H 94 
NH, + 10 60 20 15 25 34 
'FDN 480 790 560 330 660 720 
Susp N 40 70 50 53 8 1 120 
TDP 10 a0 ao 12 18 19 
Susp P 3 8 4 6 I 1 11 

"Data from Nicolson (1975) (no standard emor given). Data are from 
weekly samples collected during the 1973 growing season and ana- 
Zysed by the Freshwater Institute laboratory. The subbasins included 
three uncut subbasins, two subbasins cub 1 YE" previously, and t h e  
subbasins cut 2 yr previously. 

renewal times of L239 cannot be separated from the influence 
of fire on lake nutrient chemistry. 

It seems reasonable to conclude that forest fires in the EEA 
region have minimal effect on the quality of any I&es with 
water renewal times long enough to minimize the effect of a 
few years of slightly elevated nutrient input. Because most Pre- 
cambrian Shield lakes are P limited (Schindler %977), the reI- 
atively smdl (average 2 times) md short duration (2-3 yr) of 
increased P losses from upland watersheds makes it unlikely 
that a fire would cause eutrophication of larger lakes. However, 
in small streams and rapidly flushed lakes, eutrophication could 
occur for several years following fire. The highest Bikelihsd 
of eutrophication in Bakes would be in situations where catch- 
ments with high proportions sf wetlands were burned, and 
where these drained to lakes with high rates of water renewal, 
i. e. where new, higher steady-state nutrient concentrations 
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TABLE 8. Comp~son of chemical concentrations in outflow fmm forested watersheds after fire or 
clearcutting. The upper number is the baseline concentration; the number in parentheses is h e  cswcen- 
tmticsn after the fire or disturbance. 96 +- denotes percent increase. 

- - - -- - - - - 

E Hubbard 
subbasin" % + Brook" +- Coweeta" % + Andrewsd % + 

NO, -- 28.3 212.0 5.5 ~ 3 . 0  
(141.3) 500 (11973.0) 5627 (91.0) 1655 (62.0) 2067 

NH, ' 14.9 109.0 4.0 4.0 
(32.1) 215 (39.0) 0 (4.5) =68 (3 .o) = 0 

"ELA (this study). 
"~ownann et al. (1968, 1974) and Likens et aE. (1969, 1970). 
"Swank and huglass (1977). 
'D&m ( 1980). 

could be reached in a short time. Due to prolonged increases 1974 fire revealed that most of the water-leachable N was pres- 
in N, increasing ratios of N:P might be expected following fire, ent as NH,' (D. W. Schindler and G .  Momison, ungubl. data). 
as shown by Schindler et al. (1 99 1). Such changes might cause Nonetheless, most of the inorganic N leaving the watershed was 
eutrophication of N-limited lakes and are correlated with NO,- (Fig. 3A and 3B). This presumably resulted from nit& 
increases in phytoplankton diversity in L239. fieation, as was found at Hubbud Brook following clearcutting 

(Likens et al. 1969; Bomann et d. 1974). 
Effects of Fire versus Clearcutting on Stream Chemistry at Concentrations of NO,- exported from unmodified ELA 

ELA subbasins were lower than baseline concentrations from Hub- 

Effects of clemutting on chemical concentrations in bored 
streams at ELA were studied by Nicslson in the early 1970's 
and are summaf-ized in Nicolson (1975). Both fire md clear- 
cutting increased the concentrations of most ions exported in 
the outflow of ELA subbasins. The increased concentrations 
following fire appeared to last longer than the effects due to 
clearcutting, although Nicolson's study included only 2 yr after 
clewcutting. In the first year after clewcutting, Nicolson (1975) 
found that concentrations of seven ions in streams h r n  a clear- 
cut area were significantly different from undisturbed subbasins 
(Table 7). Most of the ions were significantly higher in the 
streams from cleacut areas, but NO3- concentrations were sig- 
nificantly lower than in the undisturbed basins. 

NO,- concentrations in streams were lower in the clearcut 
basins (10-28 p,g.~- ' )  than from undisturbed basins 
(40 wg-E - I ) .  After fire, NO3 - -N concentrations were higher 
(193 wg-L- '1 than in undisturbed basins (Tables 4 and 8). The 

bard Brook (Likens et al. 1970) but higher than most values 
from Csweeta Basin and H. P. Aradrews Experimental Forest 
(Table 8) (Swank and Dsuglass 1977; Dahm 1980). Postfire 
concentrations sf NO,- were higher than clearcutting effects 
at Coweeta Basin or M. J .  Andrews Forest but not as high as 
the effects of ~Hemutting plus herbicide at Hubbard Brook. 
Wright (1976) did not detect increases in NO,- in streams from 
burned forests located only 300 krn south of ELA, although he 
did not start sampling until I yr after the fire event. Since we 
detected only temporw increases (<I  yr) in NO,- concen- 
trations after the fire in the IVTV basin and more persistent 
increases in concentration in the E stream, it is apparent that 
increases in NO3- concentration are not a consistent result sf 
either fire or clearcutting in boreal watersheds. Vitolasek et al. 
(1979) also found that N-poor forest ecosystems did not leach 
NO,-, as was observed in streams from a more nutrient-rich 
temperate forest. 

reasons for the decline in NO,- after clearcutting at ELA 
detected by Nicolson (1975) are not known, although high Summary 
NO,- uptake by the remaining vegetation, slow rates of remin- 
eralization of slash md detritus, and the very low N concen- 
tration of soil organic matter and vegetation could contribute. 
Nicolson's finding is contrary to most other watershed studies 
of clearcutting (Bommn et al. 1968, Likens et al. 1969, 1978; 
Aubertin and Patric 1974; Swank md Douglass 1977; Dahm 
1980; Swank and Caskey 1982). 

Comparisons of Nitrogen Concentrations in Streams Draining 
Perturbed Forested Ecosystems 

Increases in NH,' concentrations after burning in the E and 
NE subbasins (Fig. 3B) and from clearcutting at ELA (Table 8) 
contrast with the effects sf clearcutting in other regions where 
no increases in NH,+ were detected (Bomann et al. 1968; 
Likens et al a B 970; Aubertin and Patric 1974; S wax& and Doug- 
lass 1977; Dahm 1988). The increase in NH,+ was very large 
for some weeks after the 1974 fire. The short-term increase in 
NH,' may be due to the intensity of the bum, which reminer- 
&zed the forest vegetation and organic matter in soil. Leaching 
experiments in soil columns from the E subbasin just after the 

The first wildfire in the wetland watershed (NE) increased 
water yields and mass export of NO, - , NH, ' , TDN, Susp N, 
TN, TDP, and FIT compared with the prefire levels. In the 
upland watershed (El, water yields and mass export of NO3-, 
NH, ' , TDN, Susp N, and TN increased, while export of TBB 
and TB did not. Concentrations of all foms  of N and P in stream 
water also increased after the first fire in the E subbasin. In 
general, N losses partidly recovered 5-6 yr after the fire, while 
P losses returned to nomat 2-3 yr after the fire. 

A second fire in 1980 reburned the E and NE subbasins and 
burned the NW subbasin for the first time. Weaker, but distinct, 
increases in NH,' and TBN were noted in the wetland outflow 
and in NO,-, Susp N, TDP, and Susp P in the twice-burned 
upland stream. In the NW subbasin, which was first burned im 
1980, there was nns significant increase in the annual concen- 
tration of P for the 3 yr after the fire or in most forms of N. 
The lack of response in most f ~ m s  of N and B fractions was 
probably due to the lower intensity of fire in the NW subbasin. 

Fire caused changes in seasonal export patterns in NO3-, 
TDN, a d  TDP in all subbasins. In the case of TDN, a signif- 
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icmt increase in concentration was noted throughout 1980 in budgets in the Hubbard Brook watershed ecosystem. Ecol. Monogs. 
all basins. For other chemical species, baseflow oncentrations 48: 23-43. 

in early spring and late fall were elevated, while concennations MCGOLL, I. G.,  AND D. F. GRIGAL. 1975. Forest fix: effects on phosphorus 
movement to lakes, Science (Wash., K) 188: 1109-1 1 11. 

in midsummer were within the prefire range. 1977. Nutrient changes followina a forest wildfire in Minnesota: 
effects in watersheds withWdiffering so&. Oikos 28: 105-1 12. 

MEGAHAN, W. F. 1983. Hydrological effects of clearcutting and wildfire on 
steep granitic slopes in Idaho. Water Wes. 19: 81 1-1119. 

NICOLSON, J. A. 1975. Water quality and cIearcuttin~ in a boreal forest eco- 
system. Can. Hydrol. syHHB'p. 75 Roc. NRCG N;. 15195: 734-738. 
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