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Abstract

Nutrient fluxes were investigated on a forested and a clearcut plot in a mixed conifer high elevation (2900 m) forest at the Fraser
Experimental Forest in Fraser, Colorado, USA. Plots were located on a coarse loamy mixed Dystric Cryochrept with relatively
high base saturation (30-90%) and underlain by an impermeable clay subsoil. Following harvest in late 1984, annual mean NO;
concentrations of 195 to 198 umol 1! were observed from 1988 through 1990 and concentrations were still above reference lev-
els in 1993, Total nitrogen loss attributable to leaching following harvest was estimated at 48kg ha™! over 8 years. Over this same
period, atmospheric nitrogen inputs exceeded annual outflow of NH4 plus NOj3 from the control plots by approximately 11 kg
N hal. A slight enrichment of SO4 and Cl was observed from the harvested plot in 1986 but concentrations later fell below
control plot levels, apparently due to dilution by the increased discharge from the harvested plot which was three to four times
that from the control plot.

Elevated Ca, Mg, and Na concentrations followed a similar pattern to NO3 due to exchange reactions, while a depression in
alkalinity of about one-third the amount of NOj3 found was also observed. Enrichment of K occurred primarily in water col-
lected at less than 1 m depth. Increases in base cation loss due to leaching after harvest were about twice the amount that can
be accounted for by the increased flux of NO3, SO4, and Cl anions. The excess reflects the increased water flux and consequent

leaching of base cations in association with HCOj3 and organic anions.

Introduction

Increased outflow of nutrients in streamflow following
clear felling of forests has been known for well over quar-
ter of a century (Likens ez 4/, 1970). Numerous reports
from both Europe and North America (e.g., Horhbeck and
Kropelin, 1982, Martin et al., 1986, Johnson and Todd,
1987, Adamson et al., 1987, Mann er al., 1988, Hornbeck
et al., 1990, Stevens and Hornung, 1990, Hornbeck and
Swank, 1992, Reynolds ez al. 1995) have confirmed that,
while increased nutrient flux following clear felling is
almost universal, the pattern of flux of the various nutri-
ents varies widely. With the exception of the special case
of the nitrogen-fixing red alder, (Alnus rubra) (Mann et al.,
1988), increased nitrogen outflow seems to occur at virtu-
ally all sites. Peak nitrogen leaching occurs typically in the
first or second year after harvest, and returns to control
levels within three to four years as reported by Martin et
al., (1986). Increased calcium outflow is also nearly uni-
versal, and elevated potassium levels are common,
although the amounts and pattern of loss of these nutri-
ents are highly variable. Almost all of the reports from
North America are from either eastern sites or from the
Pacific Northwest. Except for a leaching loss of about

10 kg N ha! in the second year following harvest of a
lodgepole pine (Pinus contorta ) forest in southern
Wyoming (Knight et al., 1991), there seems to be little
information on this phenomenon from forests in the cen-
tral Rocky Mountains.

This report describes the changes in biogeochemical
fluxes that occurred as a result of clear cutting in a high
altitude mixed conifer forest. Hydrological data are
reported separately (Troendle and Reuss, 1997). The objec-
tives are (1) to monitor the effect of timber harvest on
nutrient fluxes, and (2) to interpret the responses observed
from an ecological perspective. Data reported here are nec-
essarily at a fairly high level of aggregation. There are
some inconsistencies in collection periods and a few gaps
in some of the records. In spite of these limitations, a
coherent picture emerges of the fluxes in the undisturbed
forest and of the changes brought about by harvesting.

Methods

Two plots at the Fraser Experimental Forest (FEF) near
Fraser, Colorado, one of which was clearcut in late 1984,
were monitored from 1980 to 1990, and again in 1993.
Data collected include volume of discharge as measured
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from two interception trenches serving as large zero ten-
sion lysimeters, amount and chemical composition of pre-
cipitation, snow depths and water content, chemical
composition of the discharge waters, and a brief charac-
terization of soil chemical properties.

SITE DESCRIPTION

The FEF is located 137 km west of Denver, Colorado.
The study area is located on a 10 ha segment of a lateral
moraine at 2900 m elevation. The 30% west facing slope
is fully forested with 210 m3 ha-! Engelmann spruce (Picea
engelmannii), subalpine fir (Abies lasiocarpa), lodgepole
pine (Pinus contorta), and an occasional aspen (Populus
tremuloides). The soil, a coarse-loamy mixed Dystric
Cryochrept (formerly Leal sandy loam) is distributed uni-
formly on the slope and is underlain with a relatively
impermeable clay subsoil. The bedrock is dominated by
gneiss and schist. The long-term mean annual precipita-
tion at the forest headquarters (2725 m) is 580 mm, most
of which falls as snow.

LAYOUT

The physical layout and the collection system have been
described by Troendle (1985, 1987) and Troendle and
Nilles (1987). While the plots were unbounded, (Troendle
and Reuss, 1997), drainage areas are 0.109 ha for plot 1
(harvested in late 1984), and 1.64 ha for plot 2 (control)
respectively. Lateral flow was collected from the surface
(on or above the mineral soil), from the shallow subsurface
which included the developed horizons, i.e., from the min-
eral soil surface to the interface of the sandy clay
loam/clay loam at about 1 m deep, and from the deeper
subsurface, i.e., below the shallow subsurface to a depth of
about 4 m. Hydraulic conductivity measurements indicate
that the flux below 4 m is negligible.

SAMPLING

Water samples were collected for chemical analyses start-
ing in 1982 but, as laboratories and procedures were
changed in 1983, the 1982 data are not reported. Sampling
continued through the 1990 season. No samples or flow

. measurements were taken in 1991 and 1992 but flow was

again measured in 1993 and samples taken. Flow was
delivered from the collection system to the measuring
flumes through PVC pipe and samples were taken from
the outflow of the PVC pipe, prior to entering the metal
flumes. Samples were collected in 500 m! amber Nalgene
bottles. The intent was to collect three to four samples per
week during the snowmelt period and one to two samples
per week during the recession period. Sampling schedules
varied substantially from year to year, primarily due to
large differences in flow among years. Numbers of samples
actually collected each year are shown in Table 1.
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Table 1. Number of subsurface flow samples by plot and
year.

Year Harvested Control Total
Shall Deep Surf Shall Deep
1983 1 3 1 3 3 11
1984 10 22 4 9 20 65
1985 7 15 6 14 18 - 60
1986 6 26 1 16 20 69
1987 10 34 14 21 79
1988 4 29 10 19 62
1989 9 27 12 27 75
1990 10 28 10 20 68
1993 20 39 20 33 112

Total 77 223 12 108 181 601

Precipitation samples were collected weekly from May
1984 through 1993 at the forest headquarters using
Aerochem Metrics (Miami, FL) ‘event’ precipitation col-
lectors. In 1990 the collection did not start until 13 March,
so much of the winter period is missing from the 1990
water year. '

Soil samples were collected in the late summer of 1987
from the 04, 4-15, and 15-38 cm depths. Three locations
were sampled in each plot and, each location sample was a
composite of three borings. The samples from each loca-
tion were analyzed separately.

LABORATORY

Water samples were brought to room temperature for pH
and alkalinity determinations at the forest field laboratory.
A Fischer (Pittsburgh, PA) AC meter was used to measure
pH and alkalinity. Alkalinity was determined by titration
to a pH 4.5 endpoint (American Public Health Association,
17th ed., page 2.36), and a correction was applied for the
H*ion concentration at the endpoint as recommended by
Neal (1988). All alkalinity and pH determinations were
completed within 8 hours of sample collection. Up to and
including 1990, a field method using calibrated pipettes
was employed for alkalinity titrations, but the more accu-
rate buret titrations were used in 1993. Filtered (0.45 um)
sub-samples were saved for the remaining analyses. Macro
ions (Ca?*, Mg?*, Na*, K*, NHy', POg-, CI, NO3, and
SO4*) were determined on an automated Dionex
(Sunnyvale, CA) Model 2020 ion chromatograph (IC).
Soil samples were air dried and passed through a 2 mm
sieve prior to analysis. Organic matter content was deter-
mined on oven-dried samples (65 °C for 24 hrs.) by ash-
ing in a muffle furnace at 550 °C for 8 hours (Nelson and
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Sommers, 1982). Soil pH was determined using both
water and 0.01 M CaCl,, with a weight to volume ratio of
1:2 for mineral horizons and 1:5 for organic horizons
(McLean, 1982). Exchangeable base cations were deter-
mined by extraction with 1 N NH4Cl and analyzing the
filtered extracts using an atomic absorption spectrometer
(NCAST 1983).

Laboratory quality assurance procedures included split-
ting weekly National Atmospheric Deposition Program
(NADP) samples, participation in the Environmental
Protection Agency’s National Acid Precipitation
Assessment Program (NAPAP) quality assurance program,
routine use of National Bureau of Standards inorganic
standards and the long term comparison of paired cation
results from atomic adsorption (AA) and IC (Stottlemyer
et al., 1989).

Results and Discussion
SOILS

For the most part, the soils are high in bases. Base satura-
tion is consistently higher in the control plot where the
mean above 15 cm is over 50%, whereas in the clearcut
plot the mean is 30% (Table 2). While these differences
appear to be consistent over depth, the number of samples
taken from each plot is very low, so that sampling error
cannot be ruled out. It is highly unlikely that these differ-
ences are due to harvest, as changes in soil pools between
harvest in late 1984 and sampling in 1987 would be very

small. Soil pH values (water suspension) range from 5.5 to
6.5, with the lower values near the surface increasing with
depth. CEC is closely related to both total nitrogen and
organic carbon. The regression of CEC on organic carbon
(Fig. 1) suggests a mineral component of about 8.1 cmol(-)
kg™, and an increase of about 6.07 cmol(-) kg~! for each
1% of organic carbon. Apparently, the CEC below about
15 cm arises primarily from the mineral fraction, while at
shallower depths organic charges are more prevalent.
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Fig. 1. Regression of cation exchange capacity on soil organic
carbon over all depths and samples.

Table 2. Means and standard deviations of selected soil parameters.

Depth n pH Organic C CEC Bases* Base Sat %
cm (water) % cmol(-) kg~! cmol(-) kg?
Harvested .
04 3 mean 5.42 2.28 16.3 49 30
s.d. 0.28 0.68 0.7 1.7 9.4
4-15 3 mean 5.76 0.80 13,5 4.1 30
s.d. 0.25 0.24 2.0 0.9 3.9
15-38 3 mean 6.23 0.23 10.3 6.9 68
s.d. 0.27 0.03 1.6 0.4 13
38-56 3 mean 6.10 0.18- 9.6 6.9 71
s.d. 0.09 0.17 1.0 1.4 7
Control
04 3 mean 5.79 2.50 27.8 17.1 58
s.d. 0.58 0.61 11.1 115 15
4-15 2 mean 6.00 0.53 11.4 7.9 70
s.d. 0.42 0.13 1.2 0.2 5
15-38 3 mean 6.24 0.28 9.0 7.5 84
s.d. 0.48 0.11 1.6 1.7 10

* Bases include Ca+Mg+K. Exchangeable Na was not determined.
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PRECIPITATION CHEMISTRY

Collection and analyses of samples for precipitation chem-
istry started in May 1984, and the record is fairly complete
until January 1990. In 1990, the first data recorded are from
March 13, so much of the winter period is missing from the
1990 water year. Also, a few gaps and inconsistencies
occurred for individual constituents. A few very high Ca
values (> 70 wmol(+) liter!), mostly from the early years,
were dropped on the basis of likely contamination, and the
Mg, Na, and K values from these samples were also
excluded. All precipitation pH values for 1987, 1988, and
1989 were unrealistically low. As the H* ion concentrations
calculated from these values generally exceeded the sum of
NOj3, SO4, and Cl, they were discarded.

Calculation of individual year means is complicated by
an inverse relationship between volume and concentration,
so that use of simple means would overestimate inputs by
an average of about 17%. There is also a clear tendency
for the individual values to follow a lognormal distribution,
so that use of a log transformation is appropriate for sta-
tistical analysis. Therefore, individual year means were cal-
culated by volume weighting the log transformed values,
followed by a back transformation that includes a ‘smear-
ing’ correction (Duan, 1983). These individual year means
were used as inputs in the mass balance calculations below,
except for 1984 and 1990 where there are significant gaps
in the rainfall record. Overall means as shown in Table 3
were used for these years. In most cases, year effects can
be shown to be significant by analysis of variance, but no
temporal trends were detected. Thus, while concentrations
do tend to vary by years, there is no evidence of any sys-
tematic increases or decreases over time. Because there are
strong seasonal effects for a number of parameters, the
fundamental replication is assumed to be years, so the
overall means in Table 3 were calculated as the simple

Table 3. Rainfall chemistry. Means of year means. 1984
and 1990 excluded due to incomplete record. Mg and K
for 1991 also excluded due to missing data. Values are
pmoles charge per liter except for conductance (uS/cm)
and pH.

Confidence

Interval

of the Mean
Parameter n Mean s.e. lower upper

H 5 5.09 0.07 4.92 5.26

%ond 8 6.76 0.23 6.23 7.30
Ca 8 16.35 1.42 13.08 19.62
Mg 7 3.18 0.25 2.58 3.78
Na 8 4.62 0.81 2.76 6.48
K 7 2.09 0.40 1.14 3.05
NH4 8 7.35 1.19 4.60 10.11
NO3 8 10.69 0.39 9.78 11.60
SO4 8 11.15 0.75 9.41 12.88
Cl 8 3.99 1.04 1.58 6.40
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averages of the year means. The relatively wide confidence
intervals are the result of year-to-year fluctuations and a
fairly short record.

With the exception of Ca, values are very similar to
others reported from selected sites in the central Rocky
Mountains (Reuss ez al., 1993; Baron et al., 1991; Caine
and Thurman, 1990). However, the Ca mean 16.4
pmol(+) I, is substantially higher than the other reports
which range from 8.5 pmol(+) to 9.4 pmol(+) I-1, Possible
explanations include contamination with calcareous dust
from local sources, analytical inconsistencies, or simply site
variation.

SUBSURFACE FLOW

The sample numbers for subsurface flow (Table 1) varied
greatly by years. This was due primarily to variations in
flow: resulting from annual variations in precipitation and
from the effect of harvest on discharge (Fig. 2). Depth dif-
ferences were generally small, so annual volume-weighted
means as reported in Table 4 are combined over depths.
Intraseasonal patterns are not reported here due to space
limitations.
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Fig. 2. Effect of harvest on discharge.

The largest and most obvious effect of the harvest in late
1984 is in the NOj3 concentration (Table 4). From 1983
through 1985, NOj3 values were very low and there was lit-
tle or no difference between the two plots. A slight
increase in the concentration was apparent in 1986, but the
major effect did not occur until 1987 when flow weighted
mean concentrations increased to 161 pmol(-) I'1. The
highest individual values occurred in 1988 when two mea-
surements in the deep samples exceeded 750 pmol(-) 12,
but on an annual flow-weighted basis, the concentrations
were nearly identical during the 1988-1990 period with
flow-weighted means for all three years falling in the range
of 195 to 198 pmol(-) I. By 1993, the flow-weighted
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mean concentration (39 pmol(-) I'!) was still far above the
almost negligible amounts in the control plot. This
decrease most likely represents both decreased NOj3 pro-
duction and an increase in dilution due to higher precipi-
tation in 1993. While on the basis of previous reports (e.g.,
Likens et al., 1970, Hornbeck and Kropelin, 1982, Johnson
and Todd, 1987, Mann ez al., 1988, Knight et al., 1991,
Reynolds et al., 1995) elevated NOj3 concentrations were
expected, the fact that concentrations were still above con-
trol levels some nine years after harvest was surprising;
from the literature two to four year durations seem to be
more typical. This prolonged NO3 outflow is most likely
due to a lack of nitrogen uptake as, during the course of
the experiment, there was practically no regeneration of
trees nor was there significant growth of brush or forbs at
the site.

In contrast to the NO;3; ion which did not rise
significantly until 1988, the highest SO4 concentrations
occurred in 1986 when the annual flow-weighted mean was
70.2 umol(-) I! (Table 4), dropping to near or below con-
trol levels by 1988. Apparently, this was caused by con-
tinued mineralization of SOy after uptake by the trees had
stopped. By 1993, SOy4 levels in the clearcut were about 38
pmol(-) 1! below those from the control, probably due to
dilution as a result of increased discharge. One would
expect that the concentration peak would be small, as it
would be buffered by chemical adsorption of SOy in the
soil. However, the rapid drop off after discharge increased

suggests a very limited SO4 adsorption capacity. Sulphate
peaks and/or depressed concentrations after clear cutting
have been observed (Adamson er 4l., 1987, Hornbeck ez al.,
1990), but the depression observed here seems to be par-
ticularly well expressed.

Elevated Cl concentrations were also evident in 1986
and 1987 when the concentration from the clearcut plot
exceeded that from the control by 53.4 pmol(-) I-! and
27.5 pmol(-) I}, respectively (Table 4). Elevated Cl con-
centrations persisted for some three years, dropping off to
near the control level by 1989 and falling slightly below the
control thereafter. As with SOy, this Cl pulse seems to be
associated with mineralization from the litter or perhaps
even a simple flushing stimulated by the disturbance dur-
ing clear cutting. However, the Cl seems to interact either
chemically or physically with the ecosystem and no ade-
quate explanation is offered for the high variation in Cl
concentrations in the control and in the pre-harvest values
in the harvest plot.

The annual weighted mean alkalinity values in the range
of 132 to 234 pmol(-) 1! for the control plot indicates that
HCOj is a major anion in this system. The 1993 control
value of 138 pmol(—) I-! is probably the most reliable as a
more sensitive titration method was adopted for that year.
Unfortunately, no reliable data are available prior to 1985.
While early values using the calibrated pipette are rela-
tively imprecise and may be subject to operator differ-
ences, the differences between the two plots should be

Table 4. Mean chemical composition of outflow by plot and year. Depth weighted by

annual discharge.

Plot Year pH Cond Alk Ca Mg Na K NH; NO; SO; Cl
uS/cm pmoles charge™

Harvest 83  6.13 329 * 225 68 50 113 1.5 49 50.2 9.3
¢ 84 6.37 365 * 190 56 61 38.6 0.8 46 551 278
¢ 8 588 378 261 180 71 63 13.6 0.6 05 499 9.6
¢ 8 620 458 217 226 104 76 141 1.3 151 702 594
¢ 87 616 49.1 193 262 64 76 161 4.1 161.5 47.0 38.0
¢ 88 5.88 * 120 335 132 75 339 48 1950 472 19.0
¢ 890 569 31.6 147 321 111 66 266 2.8 198.0 433 135
¢ 90 6.10 384 146 248 84 60 183 0.0 1969 424 144
¢ 93 625 254 146 163 78 47 186 0.2 38.6 32.7 3.8
Control 83  5.80 338 * 240 89 45 178 0.0 1.3 51.6 7.4
¢ 84 625 380 * 221 72 66 634 0.7 1.6 603 28.7
¢ 85 5.81 331 203 200 88 64 168 2.5 47  66.0 9.3
¢ 8 6.05 333 162 196 108 72 160 3.4 09 552 6.0
¢ 87 597 246 160 116 37 55 136 46 06 438 105
¢ 88 5.66 * 143 236 96 74 189 48 04 576 9.1
¢ 89 569 212 156 299 100 73 158 2.6 28 675 126
¢ 90 6.06 295 134 207 79 70 7.6 0.0 1.3 748 205
¢ 93 6.03 310 138 198 112 73 159 0.0 0.1 69.1 9.2
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unbiased. Prior to and immediately after cutting, the alka-
linity in the cut plot was 50-60 pwmol(-) I! higher than
that in the control. However, by 1988 the control alkalin-
ity was above that of the clearcut plot, resulting in a highly
significant (P < 0.004) plot X year interaction. A rough
estimate of the effect of cutting on alkalinity can be had by
comparing the mean difference between the two plots in
1985/86 (57 wmol(-) 1) to the difference in 1988-90 (-7
pmol(-) 1?) for a total depression of 64 wmol(-) I-1. This
decrease in alkalinity is undoubtedly due largely to the
NOj pulse. Firstly, the end product of the mineralization
process is HNOj3. Secondly, the accompanying increase in
solution concentration results in decreased alkalinity and
pH as a result of ion exchange reactions (Reuss and
Johnson, 1985, 1986). These effects were very apparent in
the very high NOj3 samples collected in early 1988, where

alkalinity values actually dropped to zero. Simple empiri-:

cal models of acidification due to acidic deposition
(Henriksen, 1980, Brakke e al., 1990) rely on an empiri-
cal factor (F) to describe the fraction of the acidic input
that is neutralized by soil processes. The acidification due
to nitrogen processes is analogous, and the fraction of the
acid formed that actually decreases alkalinity in the
groundwater is of considerable interest. During 1988-90,
the difference in NO;3 concentration averaged 195 wmol(-)
I71. Thus, a depression of 64 wmol(-) I! alkalinity suggests
that about one-third of the HNQO;3; formed decreased the
alkalinity in the soil solution, the remaining two-thirds
being consumed by soil buffering processes, primarily the
release of base cations from the exchange complex.

Base cation concentrations are subject to considerable
year to year variation, even in the control plots. The flow-
weighted annual mean concentrations of Ca, Mg and Na
generally indicate increased concentrations following clear
cutting, primarily in response to the high concentrations
of NOj3. As pre-harvest values tended to be higher in the
control plot than in the harvest plot, the most valid inter-
pretation is probably that based on the plot x year inter-
. action as shown in Fig. 3. Prior to cutting, the Ca and Mg
concentrations were generally below those in the control,
i.e., the plot X year interaction values as shown in Fig. 3
were negative but, after harvest, a reversal occurred. Some
increase was apparent by 1986, but the major peak
occurred in 1987 and 1988. That the reversal was appar-
- ent in 1986 is somewhat surprising as NO3 increased very
little in 1986. Apparently, the initial pulse was in response
to increased Cl and SOy rather than NOj. The highest
base cation values were observed in 1987. Alkalinity
remained quite high in 1987, falling off considerably in
1988. When the alkalinity became depressed in 1988, the
Ca and Mg declined. A pulse of Na was observed, pri-
marily in 1988.

The patterns of K enrichment in the shallow and deep
samples, are shown in Fig. 4. In the shallow samples, K
enrichment was evident almost immediately after cutting
and persisted through 1993 but there was little or no evi-
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Fig. 3. Plot by year interactions for Ca, Mg, and Na con-
centrations in the subsurface outflow. Values are differences in

mean concentrations of harvest and control plots. Volume
weighted over depths.

dence of a change in K concentration in the deep samples.
During the 1987-1990 period, yearly K means for the shal-
low samples averaged 29.4 umol(+) I* higher in the
clearcut than in the control, while in the deep samples the
difference was only 1.1 wmol(+) I"l. Potassium in plant
material is highly mobile but, apparently, any K released
from the branches and needles of the harvested trees was
immobilized by the soil biota before reaching the deep lay-
ers. Previous investigators have noted increased K con-
centrations following harvest (e.g., Martin et al., 1986,
Adamson et al., 1987), but the authors are not aware of
previous reports of depth effects.

ION BALANCE AND ALKALINITY IN 1993

When interpreting the chemistry of oligotrophic fresh
waters, ion balance is commonly used as a quality check,
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Fig. 4. Plot X year interactions for K concentrations from the
shallow and deep samples.
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i.e., cation excesses or deficits are likely to indicate either
that an important component is missing, or that analytical
errors are significant. In subsurface flow samples from for-
est soils, anion deficits may be due to the presence of
organic anions. Attempts to interpret ion balance, calcu-
lated from subsurface flow samples collected earlier in this
project, were complicated by the fact that alkalinity mea-
surements were carried out by a simplified titration that
lacked precision. Even though special care was taken to
improve precision for the 1993 alkalinity analyses, sub-
stantial anion deficits persisted, suggesting that organic
anions are an important constituent.

Alkalinity is commonly determined by titration with an
acid and, in this case, a fixed end point was used and a cor-
rection for H* present at the endpoint (pH 4.5) applied
(Reynolds and Neal, 1987, Neal, 1988). The alkalinity
measurement will thus include both the HCOj3 ion and
that portion of the organic charge that is protonated dur-
ing the titration. This portion of the organic charge has
been designated as (o;), while the portion of the organic
charge having sufficiently low pK(H") values so that it is
not protonated during titration, is residual charge (o).
Thus, alkalinity as measured here may be defined as,

alk = (HCO; + o, — H). (1)

The amount of residual charge is estimated by the appar-
ent anion deficit (or cation excess) as determined by ion
balance calculations.

or = (Ca+ Mg + Na + K + NHy + H)
—(Cl + SO4 + NO3 + HCO3 + oy) )

Egns. (1) and (2) may be combined to obtain Eqn.. (3).

o = (Ca+ Mg+ Na+ K + NHy)
— (CI + SO4 + NOg3 + alk) A3)

A time course plot for the residual charge for the 1993
deep samples is shown in Fig. 5. The small negative val-
ues are well within the error of the method and should be
taken as near zero. Any organic charge neutralized during
the titration (o;) would not be included in this calculation
and, while it is likely that this is small, the amounts shown
in Fig. 5 should be taken as a minimum. Shallow samples
exhibited a very similar pattern but the period of outflow
was much shorter. Residual charge is very high in the sam-
ples from the control plot, and, accepting the value of 10
ueq charge per mg of dissolved organic carbon (DOC)
(Oliver ez al., 1983), the deep samples would be expected
to range from near zero to about 17 mg? DOC.
Unfortunately, no DOC analyses are available for any of
the samples. A sharp rise occured early in the period of
high flow, probably due to the flushing of organic anions
from the litter layer. This rise was accompanied by a drop
of about 0.6 pH units in control plot outflow. The corre-
spondence between the patterns of residual charge and pH
indicates that an important process is taking place.
Residual charge levels were much lower in the clearcut
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Fig. 5. Time course plots of pH and residual organic charge
in the 1993 deep samples.

outflow, and at 10 pmol(-) 1! per mg DOC, the DOC
levels would be below about 5 mg 1! during most of the
season. During the latter part of the season when flow was
very low, residual charge rose in the harvested plot and
tends to converge with that in the control plot.

It is tempting to explain the difference in residual
charge between the forested and clearcut plots as being
due to a change in the character of the litter following the
harvest; a decrease in organic acids is reasonably to be
expected if fresh litter is no longer available each year.
Another related explanation would be the greater dilution
of the organic anions in the clearcut due to increased dis-
charge. In either case, the anion deficits (residual charge)
in the two plots should have been similar prior to harvest
and the differences observed in 1993 would have devel-
oped after the clear cutting. While the question of whether
or not the difference in residual charge in the two plots is
due to treatment is of considerable interest, it cannot be
answered here due to lack of alkalinity data prior to 1985,
and to analytical uncertainties in the early alkalinity data.
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MASS BALANCES

Mass balance estimates require the aggregation of large
amounts of data collected over a span of nearly a decade.
Each measurement used in these calculations is subject to
a variety of errors. Also, there are gaps in the record, as
no discharge or subsurface flow data were collected in 1991
and 1992, and gaps of several months’ duration in the pre-
cipitation chemistry record. In spite of these limitations, a
clear and robust pattern emerges of the effect of the har-
vest on the mass balance of most of the components.
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Fig. 6. Mean annual inputs and outputs for clearcut and con-
trol plots including 1986—1990 and 1993 values.

Mean annual inputs and outputs for both the clearcut
and control plots during the post-harvest period, i.e.,
1986-90 plus 1993, are shown in Fig. 6. This period was
selected to give a valid comparison between the harvested
and control treatments. The annual net loss of base cations
in the control plot over the 1984 to 1993 period averaged
265 mol(+) ha™! but during the post-harvest period aver-
aged only 182 mol(+) ha™l, reflecting the generally lower
discharge during this period. These compare to about 350
mol(+) ha? at East Glacier Lake and 720 mol(+) ha™*! at
West Glacier Lake catchments, located in the Snowy
Range of southern Wyoming (Reuss et al., 1993). Even
though the alkalinity of the discharge waters from the
forested plot at Fraser is 3 to 4 times higher than at the
Glacier Lakes, the actual base cation export is lower, due
to the much lower discharge per unit area. At Fraser, the
total output of base cations is about two to two and one-
half times the precipitation input. The net annual Ca loss

from the control plots averaged 126 mol(+) ha™ or about

2.5 kg hal.
Base cation losses from the clearcut plot were about the
same as the control in 1984 and 1985, but the effect of the

clear cutting became evident in 1986 and continued
through 1993 (Fig. 6). Mean annual net loss of Ca follow-
ing cutting was 795 mol(+) ha™! (15.9 kg ha™!) as compared
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to 76 mol(+) ha! (1.5 kg ha™!) from the control. Assuming
similar losses occurred in 1991 and 1992 when the plots
were not monitored, we estimate the total difference in Ca
losses as a result of clear cutting is estimated to be 115 kg
ha~! through 1993. For Mg the annual net losses averaged
64 mol(+) ha™! (0.78 kg ha!) from the control and 335
mol(+) ha™! (4.1 kg ha™!) from the clearcut, while for K
the average net loss from the control was 3.3 mol(+) ha™!
(0.13 kg/ha) and 67 mol(+) ha! (2.6 kg ha!) from the
clearcut. Even though these losses seem high, they are only
a small fraction of the exchangeable pool in these relatively
base-rich soils. Rough calculations indicate that the
exchangeable pools, based on 56 cm of soil, are of the order
of 6000-8000 kg/ha for Ca, 900-1300 kg ha! for Mg, and
1600—2200 kg ha™! for K.

While there is considerable year to year variation due
primarily to the wide annual fluctuations in discharge, the
mass balance calculations suggest that, in the control plot
(Fig. 6) the SO4 inputs and outputs are very nearly in bal-
ance. For the eight years the plots were monitored there
was an average annual net gain of 5 mol(-) ha™! (0.06 kg S
ha™'), while for the six monitored post-harvest years the
net gain averaged 11.9 mol(-) hal. Again the different
estimates for the two periods reflected the lower average
discharge from the control plots during the post-harvest
years. These values may be compared to an annual input
of 71 mol(-) ha™! indicating that SOy is very nearly in bal-
ance. Post-harvest SO4 outflows from the clearcut plot
averaged 169 mol(—) ha™!, which is 104 mol(-) ha! (1.7 kg
S ha™') greater than the control. Increased SO4 outflows
have persisted through 1993, primarily due to increased
flows, as the SO4 concentrations actually decreased after an
initial pulse in the first years after cutting, primarily in
1986. However, this concentration decrease is much less
than would be expected from simple dilution. The pattern
is what would classically be expected from a concentration-
dependent desorption process, but its persistence is
perhaps a little surprising. Most likely microbial mineral-
ization of organic S was also involved. Total net export on
the clearcut plots for the six post-harvest years was 10 kg
S ha™l, while the control plots exhibited small net gains
over the same period.

Mass balances for Cl (Fig. 6) are similar in some ways
to those observed for SO4. For the post-harvest period the
mean outflow from the control was 8.5 mol(-) ha™!, while
the rainfall input was 14.8 mol(-) ha™!, suggesting a net
accumulation of 6.3 mol(—) ha~!. While the percentage dif-
ference in input and outflow is substantial, the actual num-
bers were small and subject to considerable uncertainty.
Furthermore, the period is generally one of low discharge
which would tend to decrease outflow, so this is hardly
evidence of a net accumulation.

Nitrogen mass balances are of considerable interest.
Normally, the nitrogen outflow is less than the precipita-
tion input. During the eight years monitored, the control
plot retained an average of 40 mol(+) ha™! of NH4 and 64
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mol(-) ha=! of NQOj, or an average net N retention of 1.4
kg ha™! per year. If only the post-harvest period is consid-
ered, the net N retention is the same, as there is very lit-
tle outflow of N from the control plot and the value is not
much affected by the variation in water discharge. Over
time, this seemingly small amount of N can be ecologically
significant. The retention pattern for NHy in the clearcut
plot was affected only marginally by the harvest, averaging
32 mol(+) ha™.

Increased NOs concentrations in the outflow became
evident in 1987, but total outflow in that year was limited
by the very low discharge. The average post-harvest
outflow of NOj3 from the clearcut was 422 mol(-) ha! (5.9
kg N ha), while the input averaged 62 mol(-) ha! (0.87
kg N ha™'), so the annual net loss of NO3-N was 360
mol(-) ha™! (5.0 kg N ha™!). This may be compared to a
net retention of 61 mol(-) ha™! (0.85 kg N ha™') in the con-
trol. Combining NO; and NH,, the annual average deple-
tion from the clearcut was 4.6 kg N ha! while the net
retention in the control was 1.4 kg ha!. Thus, when com~
pared to the control, the annual N depletion averaged 6.0
kg ha™!, or a total of about 48 kg N ha! over the 1986 to
1993 period. This may be compared to a net mineraliza-
tion in the forest floor and the top 15 cm of soil of 2-5 kgN
ha™! at the Fraser site (Stump and Binkley, 1993), while
an annual N uptake of 6-12 kgN ha™! may be calculated
from data of Ryan and Waring (1992), and Schoettle
(1989). It is difficult to assess the significance of this loss
in terms of potential for regrowth; again, it is small in rela-
tion to the total soil nitrogen which is estimated from soil
analyses to be in the range of 1600 to 2200 kg/ha.
However, it undoubtedly represents a higher fraction of
the more readily mineralizeable N in the system.

The annual net base cation loss in the clearcut plot
exceeds that in the control by 1223 mol(+) ha! while the
difference in the strong acid anions is only 613 mol(—) hal.
This means that the acceleration of base loss is well in
excess of that which can be attributed to increased flux of
the strong acid anions i.e., NO3, SO4 and Cl. In fact nearly
half the increased base cations fluxes are attributable to
increased leaching from the increased water flux in associ-
ation with HCOj; and organic anions. This effect is evident
from the regression parameters shown in Table 5. The r?
values for the linear regression of Ca, Mg, and Na on cm
discharge range from 0.88 to 0.9, reflecting a close depen-
dency of base loss on water flux.

It is also useful to consider the accelerated leaching
brought about by clear cutting in relation to the nutrients
contained in the standing biomass prior to cutting.
Estimates of the foliage biomass (11,790 kg/ha) and stem
volume (210 m3? ) were obtained from the basal area
(Kaufmann ez a/, 1982). Harvest wood biomass was 72.9
m3 , and stem densities were assumed to be 375 kg/m3.
Bark biomass was taken as 10% of that of wood. Nitrogen
contents of the foliage were taken from Yin (1993) while
the remaining nutrient contents are from Pearson et al.

Table 5. Regressions (no intercept) of base cation output
in moles(+) ha™! on cm discharge from the control plots.

Cation n Coefficient r? S.E. (y est)
Ca 98 223 0973  29.6
Mg 9 8.61 0878 223
Na 9 6.32 0.900 15.2
K 9 3.71 0.600 334

Table 6. Approximate mass balance showing effect of clear
cutting on nutrient removal over a period of 8 years.

Above Bole Accelerated Removal due
Nutrient Ground Removal* Leaching** to harvest***
kg ha' kgha'! kgha! kg ha!
Ca 101.5 47.2 115.2 162.4
Mg 22.5 9.1 26.2 35.3
K 66.0 14.8 20.1 34.9
N 1227 16.5 47.8 64.3

* Includes bark
** Amount leaching in harvested plot exceeded that in control.
**% Accelerated leaching plus bole removal.

(1987). Results are summarized in Table 6. The ‘acceler-
ated leaching’ column in Table 6 is the difference in leach-
ing loss between the clearcut plot and the control, i.e., the
increase in nutrient leaching attributable to the harvest.
The ‘removal due to harvest’ is the sum of the ‘accelerated
leaching’ and the removal due to bole harvest. Mean val-
ues were used for the two years that were not monitored.
The values for total above-ground nutrients are generally
similar to those shown by Mann et al. (1988) for pine
forests in the southern U.S., but values for bole removal
are substantially lower. than they report for harvesting of
‘saw logs’. This difference is almost entirely due to lower
amounts of harvested timber. Total removal of Ca, Mg, K,
and N represented about 162%, 157%, 53%, and 52%
respectively, of the amount in the standing biomass. As
noted above, the loss of bases is still small in relation to
the total exchangeable pools in the soil, and the loss of N
is small in relation to the total soil supply. Therefore, it
seems reasonable to conclude, at least for the foreseeable
future, that nutrient loss is probably not a significant lim-
itation for harvest and regrowth cycles in these forests, at
least if only the boles are removed.

However, accelerated leaching losses have not stopped
after eight years. While NO; levels in the drainage water
have decreased, they still have not returned to pre-harvest
levels. Even without elevated NOj3, increased leaching of
bases continues due to the increased water discharge, a sit-
uation. that may well persist for decades. Given the fairly
high level of bases in these soils, this probably does not
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pose a serious problem, but a complete evaluation would
require very long term studies. :

As regards the effect of removal of the total above
ground portion on the leaching losses, it seems likely that
some of the losses observed resulted from mineralization
of nutrients in the foliage and stems left on the plot. Thus,
if the foliage and stems were removed, the total losses
would not exceed the sum of the ‘accelerated leaching’
losses plus the ‘above ground’ nutrients in Table 6. This
would result in approximately 1.7 times the observed
losses for Ca and Mg, and perhaps three times the
observed loss of N and K. While this is a considerable
increase, such losses would still be small in relation to soil
supplies.

Conclusions

While the effect of clear cutting on the nutrient fluxes in
a high elevation mixed conifer forest at Fraser, Colorado,
U.S.A. was similar in many respects to what has been
reported from other areas, there are also important differ-
ences. As in other cases, the uncut forest accumulates N
from atmospheric sources, and NOj levels are elevated in
the drainage water after harvest when significant amounts
of N are lost. This accelerated NOj3 loss is accompanied by
a loss of Ca, Mg, K, and Na ions. Curiously, at Fraser the
increased K levels occurred only in the shallow drainage
samples while other ions increased in both shallow and
deep samples. Also, elevated NOj3 concentrations persisted
substantially longer than would be expected from reports
from other areas, and were still above control plot levels
after eight years. While nutrient losses were significant rel-
ative to the amount in the standing biomass, they are small
in relation to total soil pools.

During the period of peak NO3 concentrations, drainage
water alkalinity was depressed. Slightly elevated SO4 and
Cl levels were observed in the second year after cutting but
these later fell to below control levels, apparently due to
dilution by increased water flux. Qutputs of SO4 and Cl
from the control plots were nearly in balance with atmos-
pheric inputs. After harvest, increases in base cation leach-
ing were larger than could be accounted for simply by
balancing of charges from the loss of NO3, apparently due
to increased HCO;3; leaching brought about by the
increased water flux. Charge balance calculations indicate
that organic anions are an important source of negative
charge in the drainage waters, particularly in the control
plot, and that these reach a maximum early in the period
of high water discharge.
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