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Abstract

The emulation of natural disturbances is seen by many as an important management paradigm for achieving sustainable
ecosystem management. To successfully emulate natural disturbances, managers must first have an understanding of the
complex interactions that occur to the biophysical and chemical attributes of an ecosystem for both the natural and the
“emulating” disturbance. The management of riparian ecosystems is an important issue faced by managers since the type of
harvesting treatment can have a significant influence on the aquatic component. The removal or retention of riparian forests can
have a direct influence on water quality and quantity, particularly on the smaller systems that are found at the headwaters of
catchments, but do these treatments invoke a similar response as wildfire? To determine if emulation occurs, the affects of forest
harvesting treatments and wildfire on temperature, water chemistry, summer stream flow, and sedimentation in headwater
systems were compared using a meta-analysis. A statistically significant difference was found for temperature response between
partial/selective harvesting and wildfire, but not after clear-cut harvesting. Water chemistry showed statistically significant
differences for 11 out of 14 tested attributes, with dissolved organic carbon exhibiting the most marked difference. A significant
difference was identified between clear-cut harvesting and wildfire for summer stream flow but not between wildfire and partial/
selective harvest systems. Forest harvesting operations were found to emulate sedimentation through forest roads but not harvest
treatment. Partial/selective harvest systems may offer the greatest emulation congruency versus clear-cut harvest systems in
terms of overall headwater response and recovery. Partial/selective harvest systems combined with prescribed burning may
provide managers with the best solution when attempting to emulate wildfire in headwater systems and reduce the detrimental
impact of perturbation on these systems.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

New strategies in forest management practices are
based on the assumption that emulating natural
disturbances, such as natural fires, will sustain forest
dynamics and biodiversity (Hunter, 1993). As a
consequence of these assumptions, management of
forests is moving toward emulating natural distur-
bance patterns through forest harvesting (Prepas et al.,
2001); especially as harvesting shifts from lowland
forests to upland forests. The notion of emulating
natural disturbance has been seen as a method for
reducing the risk associated with management
decisions designed to protect ecosystem values and
meet sustainability requirements while allowing
harvesting on forest landscapes (Elkie and Rempel,
2001). Forest managers in many regions of North
America have begun to examine how emulation of
natural disturbance could guide management (Perera
and Buse, 2004). For example, in the province of
British Columbia, Canada, a biodiversity guidebook
for managing forest ecosystems based on natural
disturbance patterns was developed to mimic land-
scape-level processes through the emulation of natural
disturbance (Andison and Marshall, 1999). In Ontario,
the policy of natural disturbance emulation has led to
the development of the Forest Management Guide for
Natural Disturbance Pattern Emulation (McNicol and
Baker, 2004). In the future, the interactions between
harvesting and headwaters will certainly continue to
increase. As a result of this increasing interface and a
shift to ecosystem management, there is a need to
determine how natural disturbances affect aquatic
systems, particularly the smaller headwater systems
that tend to show the greatest change in abiotic and
biotic structure when subjected to disturbance
(Minshall et al., 1997). Harvesting practices that
emulate wildfire must also meet the requirement of
public acceptability, which can be a difficult task (see
McNicol and Baker, 2004). Finding a balance between
ecologically effective emulation and social accept-
ability will require an understanding of how congruent
different harvesting techniques are with wildfire.

Traditional management strategies applied to
headwater systems, such as clear-cutting the riparian
area or leaving a predetermined buffer width have left
these systems with little residual protection from the
original riparian forest (Moore and Richarson, 2003).

Coupling the fact that there is an incomplete
knowledge of the ecological functions of headwater
systems (Moore and Richarson, 2003), with the
importance of headwater systems as sources of
sediments, water, and nutrients to downstream
systems (Gomi et al., 2002) it has become important
to determine the resilience of these systems to
disturbances. The identification of “‘resilience thresh-
olds” in these systems may allow for sustainable
tradeoffs, between management that emulates wild-
fire or allows natural processes to drive management,
to be determined. Adoption of the principles
surrounding the emulation of natural disturbance
means that managers must have a comprehensive
knowledge of the effects of harvesting and wildfire on
headwater systems. Only with a comprehensive
knowledge will managers be able to determine if
management decisions are truly emulating nature’s
processes. Perera and Buse (2004) stated that the body
of scientific knowledge surrounding disturbance
regimes must be expanded; particularly, in terms of
which management strategies emulate natural dis-
turbance with the greatest congruency. The objective
of this paper is to provide some insight into the
comparative nature of harvesting and wildfire, with
the hope of providing direction for management
decisions around headwater systems that are both
ecologically sustainable and socially acceptable.

The effects of forest harvesting on aquatic systems
have been studied (for example, Moring and Lantz,
1975; Keppeler, 1998; Steedman, 2000) for many
years and not until more recently have researchers
begun to study the effects of natural disturbances on
aquatic systems, in particular, wildfire (Minshall et al.,
1997; Minshall, 2003; also see Young et al., 2003).
Coinciding with this research is a more recent interest
in comparison studies between harvesting and wildfire
and their effects on aquatic systems. Research in these
areas has been conducted most notably by Carignan
et al. (2000), Lamontagne et al. (2000), Steedman
(2000), and Prepas et al. (2001).

The ability of wildfire to dramatically alter
watersheds either through stand-maintaining events
and especially through stand-replacing events has
presented the argument that since fire removes large
tracts of forest then harvesting that utilizes silvicul-
tural systems, such as clear-cutting, green tree
retention, seed tree, and shelterwood systems, can
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somewhat mimic these disturbances (Angelstam,
1998; Lieffers et al., 2003). Studies have attempted
to quantify these assumptions; however, these studies
are limited and focused on non-riparian forests and
grasslands (Romme et al., 2004; Zasada et al., 2004).
The ability to study the effects of wildfire is limited by
the stochastic nature of wildfire; as a result, research
on wildfire impacts has been concentrated within
perturbed areas. The concentration of research has
produced narrowly focused results in some areas that
are typically separated from corresponding studies.

The following issues were addressed by conducting
a meta-analysis of research related to impacts caused
by wildfire and harvesting within headwater systems.
By conducting such a review and analysis the goal was
to test the following hypotheses:

(1) Harvesting emulates the natural disturbance of fire
in headwater systems.

(2) Harvesting is more detrimental to headwater
systems.

® Harvesting Study

* Fire Study
* Comparative Study

(3) Headwater systems recover faster from harvesting
compared to wildfire.

2. Methods

Due to the stochastic nature of wildfire, there are
few opportunities to study the impacts of the
perturbation on particular systems; therefore, most
research undertaken has been opportunistic in nature.
Even rarer than studying wildfire effects on headwater
systems is the opportunity to conduct comparative
analysis between wildfire and harvesting within the
same landscape. In contrast, the study of harvesting
impacts on headwater systems has been widespread,
both temporally and spatially. Fig. 1 identifies regions
in North America where studies have been undertaken
to look at the effects of forest practices, wildfire and
comparison studies on headwater systems. An
unweighted meta-analysis between studies involving
harvesting, wildfire, and comparative studies was used

Fig. 1. Location of studies used in meta-analysis. Studies identified with: (3%) indicate a wildfire study; (®) indicate a harvesting study; (%)

indicate a comparative study between harvesting and wildfire.
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to identify any potential similarities and differences.
See Olkin (1990) and Wachter and Straf (1990) for a
description of meta-analyses. In the study by
Parmesan and Yohe (2003), an unweighted meta-
analysis was used because the variances from all the
studies were not available. Facing a similar challenge
as Parmesan and Yohe, an unweighted meta-analysis
was used in this study to compare forest harvesting to
wildfire. As well, to deal with any issues of non-
independent data, all findings in studies were treated
independently with the average findings from a study
used where applicable. According to Wolf (1990)
these steps will reduce the influence of non-
independent findings in the analyses. The analyses
were conducted on relevant literature up to February
2003, the literature that was used as case studies are
presented in this paper (see Table 1).

An unweighted, single factor analysis of variance
(ANOVA) was used to determine if the differences
identified are significant due to the inability to
incorporate variances from the studies used in this
analysis. ANOVA was used to calculate any signifi-
cance differences in the response of temperature,
chemistry, summer stream flows and sedimentation
between wildfire and harvesting. Three comparisons
were made in this study: (1) wildfire versus total forest
harvesting, (2) wildfire versus clear-cut harvesting, and
(3) wildfire versus partial/selection harvesting. To
compare studies that used different levels of precision in

Table 1

the presentation of their data, a generalization approach
was used to create a common scale. With the exception
of the comparisons of temperature and recovery
attributes, which used degrees Celsius and years,
respectively, the remaining attributes were generalized
to represent the percent increase or decrease of the
attribute. This generalization approach thus created a
common scale from which to compare from.

Many of the studies have focused on more narrow
objectives while others have touched on a broad array.
To incorporate these differences, the impacted
attributes of the headwater systems will be analysed
and discussed separately, with the overall impacts
summarised to addresses the objectives outlined for
this paper.

3. Results

The results of the meta-analysis are summarised in
Tables 2—4. Table 2 summarises the comparison
between wildfire and total forest harvesting (TFH)
while Tables 3 and 4 summarise the effects of wildfire
versus clear-cut harvesting (CH) and partial/selection
harvesting (PSH), respectively. The analysis was
conducted on the temperature, chemistry, summer
stream flow, and sedimentation attributes of headwater
systems. It should be noted that within some of the
studies more than one headwater system was studied.

Studies used in the meta-analyses are based on wildfire, forest harvesting or are comparative studies that measured temperature, sedimentation,

summer stream flow, and/or water chemistry

Wildfire studies

Harvesting studies

Comparative studies

Amaranthus et al. (1989)
Bayley et al. (1992)

Beaty (1994)

Bozek and Young (1994)
McEachern et al. (2000)
Minshall et al. (1997)
Hall and Lantz (1969)
Prepas et al. (2001)
Wondzell and King (2003)
Minshall (2003)

Brown and Krygier (1970)
Brown and Krygier (1971)
Brown et al. (1973)

Curry et al. (2002)

Hall and Lantz (1969)
Hewlett and Fortson (1982)
Hicks et al. (1991)

Johnson and Jones (2000)
Keppeler (1998)
Kreutzweiser and Capell (2001)
Martin et al. (2000)

Mellina et al. (2002)

Moring (1975)

Ringler and Hall (1975)
Robinson and Runyon (2003)
Steedman (2000)

Carignan et al. (2000)
Garcia and Carignan (2000)
Lamontagne et al. (2000)
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Table 2
Summary of ANOVA results for wildfire vs. total forest harvesting (TFH) (clear-cut and partial/selection harvesting combined)
Comparison attributes Wildfire TFH Values

n Mean S.D. n Mean S.D. P F

Maximum temperature (°C) 3 6.9 1.5 5 497 3.5 0.074 3.536
Diurnal flux (°C) 1 7.2 0.0 5 6.4 42 0.87 0.031
Nitrate (%A) 9 529.9 465 8 50.97 160 3.5 25.62
Ammonium (%A) 9 69.7 57.1 8 —20 2 0.017" 7.068
Total phosphorous (%A) 9 207.4 171.1 8 65.4 24.3 2 15.54
Total nitrogen (%A) 9 76.6 354 8 733 71.2 0.797 0.067
Mercury (%A) 9 26.1 2.3 8 79 3.7 <0.001"" 65535
Calcium 2+ (%A) 9 53.67 34.6 8 19.24 21.9 575 19.45
Magnesium 2+ (%A) 9 69.5 50.2 8 7.18 12.0 16477 36.54
Potassium + (%A) 9 167.8 226.8 8 2735 185.5 0.0613 3.652
Chloride — (%A) 9 131.2 105.5 8 125.6 87.3 0.833 0.0446
Sulphate 2— (%A) 9 165.7 415 8 —6.04 73 21718 237.13
Sodium + 9 19.73 10.8 8 54.55 30.2 8.04~ 7" 32.12
Dissolved organic C (%A) 9 36.7 17.6 8 83.9 38 22677 35.7
Chlorophyll (%A) 9 8.3 1677 8 25 2.6 1178 1.56%1°
Light extinction coefficient 9 40.76 2.0 8 87 3.1 147487 40833
Summer stream flow increase (%A) 3 68.3 16.2 4 101 61.4 0.42 0.773
Summer low flow recovery (years) 3 5.33 0.58 4 9.5 4.4 0.17 2.58
Summer low flow decrease (%A) 2 0.0 0.0 3 —8.33 14.4 0.5 0.6
Sedimentation increases (%A) 4 1050 694 8 178.6 217 0.007"" 11.41
Sedimentation recovery time (years) 4 5.25 1.5 8 225 0.27 2 33.103
Sedimentation: harvesting w/o roads (%A) 4 1050 694 5 97.3 79 0.017" 9.61
Sedimentation: forest roads only (%A) 4 1050 694 3 314 329 0.16 2.795

The table provides the mean values and corresponding standard deviations of each attribute studied. The P-values and F-values are provided to
show significance of response. Levels of significance: (*) 0.05, (**) 0.01, and (***) 0.001.

This study focuses predominantly on harvesting and
wildfire in coniferous forests, though some of the forests
in the studies did contain small deciduous components
(e.g. Hewlett and Fortson, 1982). These studies show
similar responses as the other studies analysed.

3.1. Temperature

In the comparison of wildfire to TFH, no statistical
differences were found in the response of maximum

temperature and diurnal flux. When the analysis was
scaled down and conducted on CH and PSH, different
findings were identified (see Tables 2 and 3,
respectively). No statistical difference was found in
the response between wildfire and CH on maximum
temperature and diurnal flux. It should be noted that
although there was no statistically different response,
the mean for CH was higher and showed greater
variation. In contrast, a statistically significant
difference was found between wildfire and PSH for

Table 3
Summary of ANOVA results for wildfire vs. clear-cut harvesting (CH)
Comparison attributes Wildfire CH Values

n Mean S.D. n Mean S.D. P F
Maximum temperature (°C) 3 6.9 1.5 3 7.1 3.8 0.899 0.0165
Diurnal flux (°C) 1 7.2 0.0 2 7.7 24 0.893 0.0288
Summer stream flow increase (%A) 3 68.3 162 2 1535 7.8 0.0068" 44.68
Summer low flow recovery (years) 3 5.33 0.58 2 7.5 0.71 0.032" 14.49
Summer low flow decrease (%A) 2 0.0 0.0 1 -25 0.0 <0.001"*" 65535
Sedimentation increases (%A) 4 1050 694 1 175.3 0 0.342 1.271

The table provides the mean values and corresponding standard deviations of each attribute analysed. The P-values and F-values are provided to
show significance of response between wildfire and clear-cut harvest treatments. Levels of significance: (*) 0.05, (**) 0.01, and (***) 0.001.



310

Table 4
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Summary of ANOVA results for wildfire vs. partial/selection harvesting (PSH)

Comparison attributes Wildfire PSH Values
n Mean S.D. n Mean S.D. P F

Maximum temperature (°C) 3 6.9 1.5 5 3.71 3.0 0.0048"" 10.32
Diurnal flux (°C) 1 7.2 0.0 3 5.53 54 0.813 0.072
Summer stream flow increase (%A) 3 68.3 16.2 2 48.5 14.8 0.262 1.90
Summer low flow recovery (years) 3 5.33 0.58 2 11.5 6.4 0.166 3.325
Summer low flow decrease (%A) 2 0.0 0.0 2 0.0 0.0 0.000 65535
Sedimentation increases (%A) 4 1050 694 4 77.8 76 0.032" 7.76

The table provides the mean values and corresponding standard deviations of each attribute analysed. The P-values and F-values are provided to
show significance of response between wildfire and partial/buffer harvest treatments. Levels of significance: (¥) 0.05, (**) 0.01, and (***) 0.001.

maximum temperature response (P < 0.01). No
statistical difference was found in the comparison
of PSH to wildfire for diurnal flux response.

3.2. Water chemistry

In the comparison of the response of headwater
systems to wildfire and TFH perturbations, the greatest
numbers of statistically significant responses were
identified for the entire study. It should be noted that
no finer comparison was possible between CH/
wildfire, and PSH/wildfire in this analysis. Of the
14 attributes tested, 11 showed statistically significant
differences in their response to wildfire and harvest-
ing. Total P, NO5, Hg, Ca**, Mg**, SO,>~, NH;,
dissolved organic carbon (DOC), chlorophyll, and
light extinction coefficient (LEC) all showed statis-
tically significant differences in their responses to
wildfire and forest harvesting (P < 0.05-0.001). The
three attributes that showed no significant statistical
difference in the proportional change were total N, K,
and Cl. The direction of response varied between
attributes, with some showing significant increases
after harvesting, while others decreasing significantly
in comparison to their response after wildfire.
Concentrations of NOs;, NHj, total P, Ca®*, Mg**,
and SO,°~ all showed statistically significant
decreases after harvesting compared to wildfire, while
concentrations of Hg, Na, DOC, chlorophyll, and LEC
all showed statistically significant increases.

3.3. Summer stream flows
The three summer stream flow attributes that were

analysed in the comparison of wildfire to forest
harvesting were: increase in summer stream flow,

decrease in summer low flow, and low flow recovery
time. The analysis of these three attributes identified
that no statistically significant differences existed
between wildfire and TFH. When the comparison was
conducted on CH and PSH, different results emerged
from the analysis. In the comparison of wildfire to CH,
statistically significant differences were identified for
all three attributes. Summer stream flow increases
(P <0.01) and low flow recovery time (P < 0.05)
were found to increase after CH, while summer low
flow decreases were found to be significantly greater
compared to the responses observed after wildfire
(P < 0.001). Statistically different responses were not
observed between wildfire and PSH for all three
attributes.

3.4. Sedimentation

Wildfire significantly increased sedimentation in
headwater systems compared to harvesting by six-fold
(P < 0.001). Wildfire also showed statistically sig-
nificant increases in recovery times; approximately 3
years over harvested systems (P < 0.001). Interest-
ingly, when wildfire was compared to harvesting
treatments without roads, the difference in the rate of
sedimentation was reduced, though the difference still
remained statistically significant (P < 0.05). Compar-
ing wildfire to only forest roads found that no
significant statistical difference could be detected in
the rate of sedimentation. In terms of sedimentation,
forests roads, not harvesting, may be the component of
forest operations that emulates wildfire with the
greatest congruency.

A subset comparison was conducted to compare
increases in sedimentation between harvest treatment
and wildfire. In the comparison of CH to wildfire, no
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statistically significant difference was found between
the two disturbances. It should be noted that this
analysis included forest roads because they typically
play an integral and economically important role in
CH treatments. In contrast, headwater systems
subjected to PSH received statistically less sediment
(P < 0.05) compared to headwater systems perturbed
by wildfire.

4. Discussion
4.1. Temperature

Silvicultural systems that remove streamside
vegetation from headwater systems lead to increase
maximum stream temperatures; however, when buffer
strips are left temperature increases are minimal
(Kiffney et al., 2003). The results suggest that forest
harvesting can have a similar effect on stream
temperatures as wildfire. Systems affected by wildfire
typically have increased maximum temperatures and
diurnal fluctuations compared to PSH that retain
portions of the riparian zone. When wildfire is
compared to CH treated systems, lower mean
maximum temperature increases and reduced diurnal
fluctuations are observed. The difference in tempera-
tures between wildfire affected systems and CH
treated systems could possibly be attributed to the
presence of fire-killed trees. The ability of the fire-
created snags to reduce sensible and latent heat flux
losses, and long-wave radiation losses at night could
result in lower increases of maximum temperatures
and less diurnal fluctuation. Amaranthus et al. (1989)
found that dead standing vegetation (trees) can
provide up to 57% of the post-fire shading and that
shading by fire-killed trees can have a significant
influence on stream temperature in relation to
topography and residual live vegetation, such as
shrubs and herbs. An impact that occurs during
wildfire, but not during harvesting, is the immediate
response of stream temperatures during the perturba-
tion. Minshall et al. (1997) found that stream
temperatures, in first- and second-order headwater
systems, were significantly greater in burned systems
then unburned reference systems, often surpassing the
tolerance levels for salmonids with average tempera-
tures >20 °C. Spencer et al. (2003) observed mortality

of small Westslope cutthroat trout (Oncorhynchus
clarki lewisi) (less than 10cm in length) due to
elevated stream temperatures during the Red Bench
wildfire in Glacier National Park, Montana. Hall and
Lantz (1969) found that the stream temperatures for
Needle Creek incurred the highest temperatures
during a subsequent slash burn. The stream tempera-
ture rose from 13 °C to over 28 °C, leading to high
mortality rates for juvenile salmonids and sculpins
(Cottus spp.). In an adjacent headwater catchment,
Hall and Lantz (1969) found that a headwater stream
subjected to partial harvesting and subsequent fire
showed no effects of burning due to the protection
afforded by a riparian buffer.

It appears that harvest treatments, such as PSH, that
retain structure within the riparian zone do not emulate
intense, stand replacing fires because the treatment
does not provide the same magnitude of temperature
increases due to the greater degree of shading that the
live trees provide over dead trees. Amaranthus et al.
(1989) found that intense fire reduced shading down to
30% while retention harvesting that removes 50% of
the canopy cover still provides, on average, about 50%
shading (Mellina et al., 2002). Though leaving buffers
or using retention systems does not mimic high
intensity fires, it may emulate lower intensity burns
that typically leave portions of the overstorey intact.
Though the results suggest that CH may emulate
wildfire in riparian zones, this may not be necessarily
true for many reasons. For example, Amaranthus et al.
(1989) found that less than 5% of headwater systems
burn at high intensities; however, Minshall et al.
(1997) found that on average 75% of headwater
catchment areas burn during intense fires. This
appears to be contradictory, but the studies represent
two distinct climatic regimes, maritime and con-
tinental, respectively. The difference in climatic
regime means that the fires between regions will vary
in size and severity due to the influence of climatic
conditions on the fire return interval (Miller and
Urban, 1999). It is important to note that the intensity
of fire around streams and within the catchment are
two separate issues since riparian areas are usually the
wettest sites within an ecosystem and as a result,
require higher intensity fires to burn them completely.
Irregardless of the fire regime, if CH removes even
90% of the forest adjacent to a headwater stream, it
will not provide on average, the same conditions that
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regulate temperatures as found after intense wildfire.
Amaranthus et al. (1989) found that headwater
systems increased in temperature more dramatically
over shorter distances compared to the increases
caused by wildfire. The legacies left in wildfire
affected areas, snags and residual live trees; reduce the
rate of temperature increase compared to systems
subjected to CH. The implications of this mechanism
are quite important. If a manager was truly trying to
emulate wildfire by CH the equivalent wildfire
affected area within a catchment, an even bigger
discrepancy between temperatures may be observed.

It is important for managers to understand the
predominant intensity of a fire and the legacies a fire
leaves behind within a management area, in order to
emulate the affect wildfire can have on temperature. It
is also important for managers to understand some of
the possible impacts increased stream temperature can
have on stream biota. For example, Moring and Lantz
(1975) found that increased temperatures, due to CH,
led to a decline in the populations of some salmonid
species over a 7 year period because of the increased
competitive ability of other salmonid species better
adapted to the warmer temperatures. These changes
have not been reported after wildfire.

The comparison of the impacts of wildfire and TFH
on temperature attributes of headwater systems
suggests that certain harvesting treatments may be
able to emulate wildfire. Even though systems
subjected to PSH were found to have statistically
significant different response than occurs after wild-
fire, the level of retention could be altered over time to
create congruent shading conditions. For example,
Macdonald et al. (2003) found that maximum
temperatures and diurnal variation remained higher
in harvested headwater systems than in control
systems for 5 years, irregardless of the harvest
treatment. Over 3 years, windthrow was found to
gradually reduce the cover provided by a high
retention system to a state that mirrored a low
retention system. The change from high to low
retention resulted in an increase in temperatures that
were observed in the original low retention system.
Since no significant statistical difference was found
between wildfire and CH it could be argued that this
treatment emulates wildfire. Amaranthus et al. (1989),
however, observed that streams in harvested head-
water systems heat up faster and over shorter distances

than streams in wildfire affected systems. Though
systems subjected to CH increase in temperature much
more rapidly, the impacts of the perturbation may be
localised (Story et al., 2003). Story et al. (2003) found
that the temperatures of systems that are only partially
affected along their length by harvesting can recover
rapidly back to post-disturbance levels through
groundwater inputs and hyporheic exchange as the
system re-enters a closed forest. This suggests that
some headwater systems may have a natural resilience
that will localise either harvesting or wildfire
disturbance, causing minimal downstream impacts.

4.2. Water chemistry

Harvesting and wildfire affect the water chemistry
of headwater systems in different ways. The most
significant contrasts are between the magnitude and
direction of change for NO5, NH3, total P, DOC, LEC,
Hg, Ca**, Mg”*, SO,*", and Na*. The attribute that
exhibited the most striking difference between the
treatments was SO,>~. After harvesting, S0,
decreased by 16.3% while after wildfire it increased
by 126.7%. Carignan et al. (2000) identified the partial
combustion of the LFH layer and B-horizon during a
wildfire as a possible cause for this observed trend
since these layers can contain up to 30 times more S
then above ground biomass. During a wildfire, if the
LFH layer is partially combusted, the SO,*~ ion will
be released resulting in an increase as observed in this
analysis. Martin et al. (2000) identified that harvesting
facilitates the nitrification and mineralization of N by
increasing H* ions (increases up to 132.5%). Increases
in H* ions will acidify the forest soil and soil water
resulting in an increase of the adsorption capacity of
the soil’s B horizon, possibly accounting for the
decrease in SO4>~ observed after harvesting.

Wildfire causes increases in total N, in particular
total P. Harvesting, while increasing both total N and
P, has the largest impact on the residence time of total
P in comparison with total N. Carignan et al. (2000)
identified that total P evolves at longer time scales then
total N and when coupled with increases in DOC and
LEC they have negative impacts on aquatic ecosys-
tems. The P:N ratio was also different between the two
treatments with wildfire creating a ratio of 3:1 and
harvesting a 1:1 ratio (2.4:1 with outlier added).
Lamontagne et al. (2000) identified that P loading is a
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key determinant of total primary production, P:N ratio
influences algal populations. Another important
difference between harvesting and wildfire perturba-
tions is on the composition of total N. Wildfire
increases the total N that is composed of both organic
and mineral forms while harvesting increases the total
N composed of predominately organic forms. N and P
are limiting nutrients in most aquatic systems (Prepas
et al,, 2001) and since wildfire, in comparison to
harvesting, provides a higher loading of both nutrients
it may promote increased primary production.
Harvesting does not cause the same magnitude of
response in cations and anions when compared to
wildfire. Compared to harvesting, the base cations
Ca®* and Mg®" showed statistically significant
increases (P < 0.001), while Na* showed an increase
that was statistically less (P < 0.001) after wildfire.
An important caveat, noted by Lamontagne et al.
(2000), is that observed concentrations of Ca** and
Mg** may be more comparable to wildfire if whole
tree harvesting was not used because the loss of these
cations are usually doubled under this treatment.
Carignan et al. (2000) identified that after wildfire, the
increases in these cations are only short-lived with
concentrations returning to pre-disturbance levels
within 5-6 years. The same pattern was identified
for NO; and NHj; concentrations, which occur as
short-term, high magnitude pulses after wildfire that
decline as vegetation re-establishes. In contrast,
Martin et al. (2000) found that Ca**, Mg**, and
NO; had not returned to pre-harvest levels after 27
years and at year 20, NO5 net losses began to increase
well above pre-harvest levels. In comparison to
harvesting, wildfire increases the concentrations of
NO; (P < 0.01) and NH; (P < 0.05). After harvesting,
NH; was found to decrease by 20% compared to a
70% increase after harvesting; NO; increased 530%
after wildfire versus 50% after harvesting. Based on
the analysis it could be argued that wildfire may
provide a greater quantity of NO; and NHj to
headwater systems. Increases in NO; and NHj inputs
after wildfire should provide the N required for
increasing the primary production of non-toxic algae
species. Increases in N and primary production within
an aquatic ecosystem can help mitigate changes in
cyanobacteria concentrations (Prepas et al., 2001). In
N-limited systems, cyanobacteria can increase the
toxicity of the aquatic ecosystem to the detriment of

many organisms. In systems that are not N-limited, but
are P-limited, algae that do not produce harmful toxins
tend to be more dominant. Though harvesting
increases NOj to aquatic systems the magnitude of
response in primary production may be dampened
because it will supply less NO3; and NH; compared to
wildfire. For this reason, emulation of wildfire will
most likely not occur if harvesting alone is the only
treatment.

Compared to wildfire, a statistically significant
increase in DOC (P < 0.001) was identified after
harvesting. The increase in DOC may have the most
influential and detrimental affects on a headwater
system. Carignan et al. (2000) identified that the
differences in DOC between harvesting and wildfire
are related to the partial combustion of the organic
floor and near complete loss of organic carbon sources
that occur after a fire. After a wildfire, large quantities
of DOC are absorbed by the residual charcoal left on
the forest floor. The absorption of DOC to charcoal
accounts for the reduction in observed DOC after
wildfire compared to harvesting. After harvesting,
large quantities of easily leached and/or decomposed
organic material are left on the perturbed area. This
organic material is responsible for the increased DOC
recorded in headwater systems after harvesting
(Carignan et al.,, 2000). Increases in DOC are
positively correlated with increases in LEC and
chlorophyll, which increases watercolour. The
increase in these attributes can have cascading effects
on aquatic ecosystems. Carignan et al. (2000) found
that LEC and watercolour will continually increase
after harvesting as DOC is leached from the humic
layer in the upper soil horizons of a perturbed area. A
part from statistically significant responses in DOC
concentrations, it is important to note that the
mechanisms for DOC leaching into headwater
systems are mediated by completely different pro-
cesses. Because wildfire and harvesting cause sig-
nificantly different responses in headwater systems it
could be argued that there is a lack of “‘emulation
congruency’’ between the two perturbations. It should
be noted that McEachern et al. (2000) found that
wildfire in headwater systems dominated by peat and/
or organic soils can cause increases in DOC compared
to systems that are not peat/organic soil dominated.
Increases in fire-origin DOC occur in these headwater
systems because of increases in humic runoff that
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occurs after wildfire. McEachern et al. (2000) still
observed that DOC increased after harvesting com-
pared to wildfire in these peat/organic soil dominated
watersheds.

The increase in DOC after harvesting, in compar-
ison to wildfire, can be viewed as a detrimental impact
on headwater systems. Increases in DOC can reduce
the thermo cline depth at which photosynthesis occurs
by decreasing water clarity through an increase in the
LEC and watercolour. Increases in DOC after
harvesting can also offset the increase in other
nutrients, such as N and P, by restricting potential
increases in primary production. Decreases in algal
and plankton communities responsible for primary
production have been observed in relation to increases
in DOC during the first 3 years post-harvest (Patoine
et al., 2000; Planas et al., 2000). In comparison to
harvested systems, wildfire affected systems seem to
respond with higher and more sustained productivity
(Bayley et al., 1992; McEachern et al., 2000). To
minimize these negative impacts PSH may offer the
best management alternative. Molot and Dillon (1997)
found that DOC inputs were 50% lower in systems
where 10 m buffers were retained compared to
systems subjected to CH. PSH treatments that leave
buffers >10 m, likely buffers that are at a minimum
20-30 m wide, could reduce the concentrations of
DOC to less detrimental levels and may allow for
closer “emulation congruency” with wildfire, though
this requires further study.

Increased DOC is causally linked to the statistically
significant increases in mercury (Hg) concentrations
in harvested systems compared to wildfire affected
systems (P < 0.001). Increased DOC loads can disrupt
the cycling of Hg within an ecosystem. Garcia and
Carignan (2000) found that extensive harvesting
caused increases in Hg, which bio-accumulated
through the trophic structures of headwater systems
and raised the Hg levels in the aquatic biota beyond the
advisory limit set by the World Health Organization.

The major impacts of harvesting on water
chemistry attributes are the significant increases in
long-term factors combined with lower increases in
short-term factors, this is opposite in the case of
wildfire. Harvesting creates a situation of extreme
responses within headwater systems where recovery
appears to be much more difficult because a return to a
state of equilibrium must occur over a greater distance.

It is important to remember that wildfire on average,
affects greater areas of the catchment then harvesting
(Amaranthus et al., 1989; Carignan et al., 2000;
Lamontagne et al., 2000), hence, the changes in water
chemistry after harvesting occurs from a smaller area.
If an equivalent area of the catchment was harvested as
is typically disturbed by wildfire the differences could
be even more significant. Minshall et al. (1997) found
that small headwater systems show greater responses;
this appears to hold true for the response of water
chemistry attributes. Prepas et al. (2001) stated that
wildfire and forest harvesting have divergent effects
on water chemistry and this divergence could have
potentially substantial consequences on biodiversity
in aquatic systems. Carignan et al. (2000) found that
DOC, LEC and total P are long-term problems
associated with harvesting in headwaters and it may
take decades before these attributes are able to return
to pre-disturbance conditions within affected head-
water systems. For this attribute, it appears that
harvesting does not emulate wildfire. The impacts over
the long-term could be significant if management
decisions do not take into account water chemistry
attributes.

4.3. Summer stream flows

It appears that wildfire and PSH yield similar
responses for all three summer stream flow attributes.
In complete contrast, CH was found to yield
statistically significant differences compared to wild-
fire. CH increased summer stream flow by 2.25-fold
(P <0.01) and statistically extended low flow
recovery times (P < 0.05). The most important
finding was that CH statistically decreased summer
low flows by up to 25% below base conditions
(P < 0.001) over extended periods of time. Hicks et al.
(1991) found that CH increased summer stream flows
by 159% for 8 years, which was then followed by 25%
deficit in summer low-flows, which had not returned to
pre-harvest levels after 18 years. The study also
observed a 59% increase in summer flows after partial
harvesting which lasted for 16 years. Hicks et al.
(1991) identified that summer flows in the PSH treated
system were not significantly different than the control
after 16 years; this was not observed in the CH treated
system. The differences between the two treatments
are attributed to the differences in riparian vegetation
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that occupied the riparian area after disturbance. The
riparian area in the CH treated system became
dominated by hardwoods, while the PSH treated
system remained predominantly coniferous. Hicks
et al. (1991) found that the hardwoods transpired more
water then softwoods and this was a major cause for
the decrease in summer low flows after CH.

Increases in summer stream flow during the critical
summer months can have many positive implications
for stream biota in a headwater system. Amaranthus
et al. (1989) found that increased summer stream flows
can mitigate increases in stream temperature after
disturbances by providing greater volumetric area to
warm and higher water velocity which decreases the
residence time of water in the system. The high air
temperatures associated with summer low flows can
increase stream temperatures above the critical
survival threshold for many species of fish (Moring,
1975), particularly, if water volume is too low and/or
residence time is too high. Increases in water volume
may also create habitat for biota by promoting fast
water habitats, such as riffles, which usually increase
the dissolved oxygen content in the water. This is
important particularly for raising the quality of pool
habitats within a system. Lower temperatures after
disturbance may help maintain dissolved oxygen
levels; this will increase survival rates of salmonids,
particularly juveniles and fry which have been found
to be affected more strongly by disturbance then adults
(Hanson and Waters, 1974). The results suggest that
CH adjacent to streams without substantial buffering
appears to be detrimental in the long-term for stream
biota due to its impact on summer low flows. PSH
appears to be a beneficial treatment for headwater
systems because it increases summer stream flows,
over longer periods of time, without a net loss after
recovery. Though CH and PSH do not emulate wildfire
exactly, PSH appears to emulate it with a greater
congruency by increasing summer flows and main-
taining similar recovery times. On the other hand, CH
provides a false truth by increasing low flows for a
longer period then wildfire, but then placing the
system on a potentially detrimental trajectory for
stream biota by reducing summer low-flows below
base conditions. For these reasons, it can be argued
that PSH emulates wildfire with sufficient congruency
while CH shows a “divergent congruency’ over the
long-term.

4.4. Sedimentation

Wildfire increases sedimentation more than harvest-
ing. Though CH increases sedimentation more than
PSH, all studies identified roads and/or unrestricted skid
trails as the primary cause of the increase (Brown and
Krygier, 1971; Moring, 1975; Kreutzweiser and Capell,
2001). Kreutzweiser and Capell (2001) identified that
reduced road networks, designated skid trails, and
careful harvesting practices can result in insignificant
increases in sediment yield even if selective harvesting
occurs right up to stream banks. Wildfire on the other
hand, can cause significant increases in sediment yield
and thus appears to be more detrimental than harvesting
systems but not the roads used for forest operations.
Wildfire disturbs larger areas of catchments, in
comparison to harvesting (Carignan et al., 2000) in
turn; more soil is exposed and subjected to erosion
processes, such as mass wasting events. Wondzell and
King (2003) found that severe fires can increase the
frequency and magnitude of episodic mass-wasting
events, particularly debris slides and debris flows, while
Johnson and Jones (2000) found that mass-wasting
events occurred with increased frequency after harvest-
ing. Rood (1984) found that CH in steep watersheds can
increase mass wasting frequencies and magnitudes by
29-fold. Hicks et al. (1991) found that the majority of
mass wasting events following harvesting are initiated
from poor forest road design and construction. Mass
wasting events can contribute significantly to post-
disturbance sediment influxes into headwater systems.
The impacts of the increased sediment yields in the
systems have been directly correlated with the emergent
survival of salmonids. Increases in sediment fines can
severely reduce emergent survival rates (Phillips et al.,
1975; Ringler and Hall, 1975; Newcomb and Flagg,
1983; St-Onge and Magnan, 2000; Shaw and Richard-
son, 2001) and can cause adult mortality (Bozek and
Young, 1994).

The major difference between harvesting and
wildfire is the presence of forest roads, which can
provide a continuous source of fine sediments. Beaty
(1994) found that this continuous source of fine
sediments does not occur from a burnt headwater
catchment, due to the reduction in erodible substrates
over time. In comparison, harvesting will likely result
in increased sedimentation due to the need to access
more areas for harvesting. This could particularly be
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Table 5

Summary of harvest treatment’s ability to emulate wildfire (CH: clear-cut harvesting; PSH: partial/selective harvesting)

Treatment Temperature Water chemistry, Summer stream flow, Sedimentation,
Maximum Diurnal all attributes all three attributes w/o roads
temperature flux

CH Yes* Yes No No No®

PSH No Yes Possibly” Yes No®

* Systems that are subjected to CH heat up over shorter distances then wildfire affected systems.
® Studies have identified less divergent responses when limited retention of riparian forest occurs.

¢ Forest roads emulate wildfire in the short-term not harvest treatment.

the case if CH is used in conjunction with methods that
expose mineral soil in riparian areas and/or the
adjacent uplands. Harvesting with limited roads, either
by CH or PSH, actually has less of an impact than
wildfire in the short-term. Forest road construction and
maintenance does appear to emulate wildfire in the
short-term; however, the fact that forest roads provide
a long-term source of sediment does differ from
wildfire and this must be considered by forest
managers. It is important to build high quality roads
with stable and sufficient crossing structures on
streams to reduce sedimentation. Road networks
should also be planned in a manner that reduces the
need to build secondary roads into headwater
catchments. All the studies used in this analysis
identified secondary roads as the main cause of
sedimentation. Harvest operations should also use
designated skid trails to minimize mineral soil
exposure and provide buffers in clear-cut treated
areas to reduce riparian soil disturbance or use PSH
systems adjacent to headwater streams. To answer the
question, in relation to sedimentation, does harvesting
emulate wildfire? The answer is no, but this appears to
be beneficial if roads are limited or are of high quality
and properly maintained. Because roads are the key to
economic viability of harvesting, an interesting
conundrum exists; do managers increase construction
costs to emulate wildfire with greater congruency or
do managers minimize cost and risk affecting the
system over the long-term in a manner that is not
congruent with wildfire?

5. Conclusion

Though some attributes are emulated, it is clear that
no matter the harvest intensity/system wildfire will not

be emulated with 100% congruency. The most
detrimental differences between harvesting and wildfire
are associated with changes in water chemistry and
summer stream flow. In terms of sedimentation, it is the
forest roads that may have the most significant impact
because of the constant source of sediment they can
provide over the life time of the road network. When all
attributes are considered it appears that CH does not
emulate wildfire and may have a more detrimental
impact on headwater systems in both the short and long-
term. PSH systems appear to recover along a more
congruent trajectory with wildfire while CH does not
appear to follow the same temporal recovery for
summer stream flow and water chemistry. Overall, the
results suggest that harvesting does not emulate
wildfire, particularly CH. A lower intensity harvest
system, such as PSH, provides hope since this system
appears to emulate the majority of the attributes and
offers equivalent recovery times in comparison to
wildfire (see Table 5). Because of its increased
congruency, PSH systems may offer a compromise
between wildfire and CH systems. Reducing road
networks and using prescribed under-burning after PSH
may provide managers with a solution for emulating the
effects of wildfire on water chemistry changes while
still maintaining congruency with temperature, summer
stream flow, and sedimentation attributes. This could be
particularly true in ecosystems where wildfire is the
primary disturbance agent.

The only way to develop harvest strategies that
emulate wildfire is to evaluate multiple attributes of
headwater systems that are affected by both dis-
turbance types. This study has followed this philoso-
phy in an attempt to address the complex interactions
that occur when ecosystems are subjected to
disturbance. Statistically significant differences were
still found despite problems that should have existed
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due to the large geographic variation covered in this
study. These significant differences were observed due
to the differences in responses outweighing the
variation. The fact that statistically significant findings
can be identified over such a large geographic area
suggests that coniferous ecosystems in North America
may be exhibiting similar biophysical-chemical
responses to disturbances. This may allow the results
of this study to be generally applied to a wide range of
coniferous-dominated ecosystems in the temperate
and Boreal regions of North America, Europe, or Asia.
It is important for forest managers to consider the
complex affects that harvest treatments can have on
headwater systems if they are going to successfully
practice ecosystem management and achieve sustain-
able forest management. It is also important for
managers to understand that there are many other
attributes to be considered. In particular, the ability of
harvest treatments to emulate wildfire in regards to
peak flows, organic matter inputs, large woody debris
recruitment, channel morphology, and stream biota
response. Due to the inability to statistically analyse
these attributes they were not incorporated into the
scope of this paper. Managers can potentially
emulated wildfire with acceptable congruency through
tailoring their harvest treatments to balance the
impacts of each attribute with the harvest system that
offers the greatest overall emulation congruency.

Acknowledgements

I would like to acknowledge Dr. John Richardson
for his valuable feedback and input to this manuscript.
I would also like to thank my academic/research
supervisor, Dr. John Innes, for his support. This
research was funded, in part, by the Sustainable Forest
Management Network, Canada.

References

Amaranthus, M., Jubas, H., Arthur, D., 1989. Stream shading,
summer streamflow and maximum water temperature following
intense wildfire in headwater streams. In: Berg, N.H. (Technical
Coordinator), Proceedings of the Symposium on Fire and
Watershed Management. USDA Forest Service General Tech-
nical Report P.S.W.-109, Sacramento, CA, October 26-28, pp.
75-178.

Andison, D.W., Marshall, P.L., 1999. Simulating the impact of
landscape level biodiversity guidelines: a case study. Forestry
Chron. 75, 655-665.

Angelstam, P.K., 1998. Maintaining and restoring biodiversity in
European Boreal forests by developing natural disturbance
regimes. J. Veg. Sci. 9, 593-602.

Bayley, S.E., Shindler, D.W., Beaty, K.G., Parker, B.R., Stainton,
M.P, 1992. Effects of multiple fires on nutrient yields from
streams draining forest and fen watersheds: nitrogen and phos-
phorus. Can. J. Fish. Aquatic Sci. 49, 584-596.

Beaty, K.G., 1994. Sediment transport in a small stream following
two successive forest fires. Can. J. Fish. Aquatic Sci. 51, 2723—
2733.

Bozek, M.A., Young, M.K., 1994. Fish mortality resulting from
delayed effects of fire in the Greater Yellowstone Ecosystem.
Great Basin Naturalist 54, 91-95.

Brown, G.W., Krygier, J.T., 1970. Effects of clearcutting on stream
temperatures. Water Resour. Bull. 6, 1133-1139.

Brown, G.W., Krygier, J.T., 1971. Clearcut logging and sediment
production in the Oregon Coast Range. Water Resour. Bull. 7,
1189-1198.

Brown, G.W., Gahler, A.R., Marston, R.B., 1973. Nutrient losses
after clear-cut harvesting and slash burning in the Oregon Coast
Range. Water Resour. Res. 9, 1450-1453.

Carignan, R., D’Arcy, P, Lamontagne, S., 2000. Comparative
impacts of fire and forest harvesting on water quality in
Boreal Shield systems. Can. J. Fish. Aquatic Sci. 57 (S2),
105-117.

Curry, R.A., Scrutan, D.A., Clarke, 2002. The thermal regimes of
brook trout incubation habitats and evidence of changes during
forestry operations. Can. J. For. Res. 32, 1200-1207.

Elkie, P.C., Rempel, R.S., 2001. Detecting scales of patterns in
Boreal forest landscapes. For. Ecol. Manage. 147, 253-261.
Garcia, E., Carignan, R., 2000. Mercury concentrations in northern
pike (Esox lucius) from Boreal systems with harvested, burned,
or undisturbed catchments. Can. J. Fish. Aquatic Sci. 57 (S2),

129-135.

Gomi, T., Sidle, R.C., Richardson, J.S., 2002. Understanding pro-
cesses and downstream linkages in headwater systems.
Bioscience 52, 905-916.

Hall, J.D., Lantz, R.L., 1969. Effects of harvesting on the habitat of
coho salmon and cutthroat trout in coastal streams. In: North-
cote, T.G. (Ed.), Symposium on Salmon and Trout in Streams,
H.R. MacMillan Lectures in Fisheries. University of British
Columbia, pp. 335-375.

Hanson, D.L., Waters, T.F., 1974. Recovery of standing crop and
production rate of a brook trout population in a flood — damaged
stream. Trans. Am. Fish Soc. 103, 431-439.

Hewlett, J.D., Fortson, J.C., 1982. Stream temperature under an
inadequate buffer strip in the southeast Piedmont. Water Resour.
Bull. 18, 983-988.

Hicks, B.J., Beschta, R.L., Harr, R.D., 1991. Long-term changes
in streamflow following harvesting in Western Oregon and
associated fisheries implications. Water Resour. Bull. 27, 217—
225.

Hunter Jr., M.L., 1993. Natural fire regimes as spatial models for
managing Boreal forests. Biol. Conserv. 65, 115-120.



318 C.R. Nitschke/ Forest Ecology and Management 214 (2005) 305-319

Johnson, S.L., Jones, J.A., 2000. Stream temperature responses to
forest harvest and debris flows in Western Cascades, Oregon.
Can. J. Fish. Aquatic Sci. 57, 30-39.

Keppeler, E.T., 1998. The summer flow and water yield response to
timber harvest. USDA Forest Service General Technical Report,
PSW-GTR-168, pp. 35-43.

Kiffney, P.M., Richardson, J.S., Bull, J.P.,, 2003. Responses of
periphyton and insects to experimental manipulation of ripar-
ian buffer width along forest streams. J. Appl. Ecol. 40, 1060—
1076.

Kreutzweiser, D.P., Capell, S.S., 2001. Fine sediment deposition in
streams after selective forest harvesting without riparian buffers.
Can. J. For. Res. 31, 2134-2142.

Lamontagne, S., Carignan, R., D’Arcy, P., Prairie, Y.T., Paré, D.,
2000. Element export in runoff from eastern Canadian Boreal
Shield drainage basins following forest harvesting and wildfires.
Can. J. Fish. Aquatic Sci. 57 (S2), 118-128.

Lieffers, V.J., Messier, C., Burton, P.J., Ruel, J.-C., Grover, B.E.,
2003. Nature-based silviculture for sustaining a variety of Boreal
forest values. In: Burton, P.J., Messier, C., Smith, D.W., Ada-
mowicz, W.K. (Eds.), Towards Sustainable Management of the
Boreal Forest. NRC Research Press, Ottawa, Canada, pp. 481—
530.

Macdonald, J.S., Maclsaac, E.A., Herunter, H.E., 2003. The effect of
variable-retention riparian buffer zones on water temperatures in
small headwater streams in sub-boreal forest ecosystems of
British Columbia. Can. J. For. Res. 33, 1371-1382.

Martin, C.W., Hornbeck, J.W., Likens, G.E., Buso, D.C., 2000.
Impacts of intensive harvesting on hydrology and nutrient
dynamics of northern hardwood forests. Can. J. Fish. Aquatic
Sci. 57 (52), 19-29.

McEachern, P., Prepas, E.E., Gibson, J.J., Dinsmore, W.P., 2000.
Forest fire induced impacts on phosphorus, nitrogen and chlor-
ophyll a concentrations in Boreal sub-arctic systems in northern
Alberta. Can. J. Fish. Aquatic Sci. 57 (S2), 73-81.

McNicol, J.G., Baker, J.A., 2004. Emulating natural forest distur-
bances: from policy to practical guidance in Ontario. In: Perera,
A.H., Buse, L.J., Weber, M.G. (Eds.), Emulating Natural Forest
Landscape Disturbances: Concepts and Applications. Columbia
University Press, New York, pp. 251-262.

Mellina, E., Moore, R.D., Hinch, S.G., Macdonald, J.S., Pearson, G.,
2002. Stream temperature responses to clear-cut harvesting in
British Columbia: the moderating influences of groundwater and
headwater systems. Can. J. Fish. Aquatic Sci. 59, 1886-1900.

Miller, C., Urban, D.L., 1999. A model of surface fire, climate and
forest pattern in the Sierra Nevada, California. Ecol. Modell.
114, 113-135.

Minshall, G.W., 2003. Response of stream benthic macroinverte-
brates to fire. For. Ecol. Manage. 178, 155-161.

Minshall, G.W., Robinson, C.T., Lawrence, D.E., 1997. Postfire
responses of lotic ecosystems in Yellowstone National Park,
USA. Can. J. Fish. Aquatic Sci. 54, 2509-2525.

Molot, L.A., Dillon, P.J., 1997. Color — mass balances and color —
dissolved organic carbon relationships in systems and streams in
central Ontario. Can. J. Fish. Aquatic Sci. 54, 2789-2795.

Moore, R.D., Richarson, J.S., 2003. Progress towards understanding
the structure, function, and ecological significance of small

stream channels and their riparian zones. Can. J. For. Res. 33,
1349-1351.

Moring, J.R., 1975. The Alsea watershed study: effects of harvesting
on the aquatic resources of three headwater streams of the Alsea
River, Oregon Part 2 — Changes in environmental conditions.
Fisheries Research Report Number 9. Oregon Department of
Fish and Wildlife, Corvallis, Oregon, October, 1975.

Moring, J.R., Lantz, R.L., 1975. The Alsea watershed study: effects
of harvesting on the aquatic resources of three headwater
streams of the Alsea River, Oregon Part 1 — Biological
responses. Fisheries Research Report Number 9. Oregon Depart-
ment of Fish and Wildlife, Corvallis, Oregon, October, 1975.

Newcomb, T.W., Flagg, T.A., 1983. Some effects of Mt. St. Helens
volcanic ash on juvenile salmon smolts. U.S. Natl. Marine Fish.
Service Rev. 45, 8-12.

Olkin, I., 1990. History and goals. In: Wachter, K.W., Straf, M.L.
(Eds.), The Future of Meta-analysis. Russell Sage Foundation,
New York, pp. 3-10.

Parmesan, C., Yohe, G., 2003. A globally coherent fingerprint of
climate change impacts across natural systems. Nature 421, 37—
42.

Patoine, A., Pinel-Alloul, B., Prepas, E.E., Carignan, R., 2000. Do
harvesting and forest fires influence zooplankton biomass in
Canadian Boreal Shield systems. Can. J. Fish. Aquatic Sci. 57
(S2), 155-164.

Perera, A.H., Buse, L.J., 2004. Emulating natural disturbances
in forest management: an overview. In: Perera, A.H., Buse,
L.J., Weber, M.G. (Eds.), Emulating Natural Forest Landscape
Disturbances: Concepts and Applications. Columbia University
Press, New York, pp. 3-7.

Phillips, R.W., Lantz, L., Claire, E.W., Moring, J.R., 1975. Some
effects of gravel mixtures on emergence of coho salmon and
steelhead trout. Trans. Am. Fish Soc. 104, 461-466.

Planas, D., Desrosiers, M., Groulx, S.R., Paquet, S., Carignan, R.,
2000. Pelagic and benthic algal responses in Eastern Canadian
Boreal shield systems following harvesting and wildfires. Can. J.
Fish. Aquatic Sci. 57 (S2), 136-145.

Prepas, E.E., Burke, J., Allen, E., Holst, M., Gibson, K., Millions,
D., Gabos, S., Chen, W., Strachan, W., 2001. The Virginia Hills
Fire of 1998 and opportunity to evaluate the impact on water
quality in upland stands on the Boreal Plain. Sustainable Forest
Management Network Final Project Report. Project Report
2001-17. ISBN 1-55261-127-2.

Ringler, N.H., Hall, J.D., 1975. Effects of harvesting on water
temperature and dissolved oxygen in spawning beds. Trans.
Am. Fish Soc. 104, 111-121.

Robinson, E.G., Runyon, J., 2003. Survey of morphological, sedi-
ment and stream temperature characteristics on small headwater
streams at the fish — non-fish interface in Western Oregon. In:
Proceedings of the Headwater Stream Ecology Research,
Forum, Unpublished Initial Data, Abstract, Corvallis, Oregon,
January 16, 2003.

Romme, W.H., Turner, M.G., Tinker, D.B., Knight, D.H., 2004.
Emulating natural forest disturbance in the wildland—urban
interface of the Greater Yellowstone Ecosystem of the United
States. In: Perera, A.H., Buse, L.J., Weber, M.G. (Eds.), Emu-
lating Natural Forest Landscape Disturbances: Concepts and



C.R. Nitschke/ Forest Ecology and Management 214 (2005) 305-319 319

Applications. Columbia University Press, New York, pp. 243—
250.

Rood, K.M., 1984. An aerial photography inventory of the frequency
and yield of mass wasting in the Queen Charlotte Islands. B.C.
Ministry of Forests, Land Management Report No. 34.

Shaw, E.A., Richardson, J.S., 2001. Direct and indirect effects of
sediment pulse duration on stream invertebrate assemblages and
rainbow trout (Oncorhynchus mykiss) growth and survival. Can.
J. Fish. Aquatic Sci. 58, 2213-2221.

Spencer, C.N., Odney Gabel, K., Hauer, F.R., 2003. Wildfire effects
on stream foodwebs and nutrient dynamics in Glacier National
Park. USA For. Ecol. Manage. 178, 141-153.

Steedman, R.J., 2000. Effects of experimental clear-cut harvesting
on water quality in three small Boreal forest system trout
(Salvelinus namaycush) systems. Can. J. Fish. Aquatic Sci. 57
(S2), 92-96.

St-Onge, 1., Magnan, P., 2000. Impact of harvesting and natural fires
on fish communities of Laurentian Shield systems. Can. J. Fish.
Aquatic Sci. 57 (S2), 165-174.

Story, A., Moore, R.D., Macdonald, J.S., 2003. Stream temperatures
in two shaded reaches below cutblocks and logging roads:

downstream cooling linked to subsurface hydrology. Can. J.
For. Res. 33, 1383-1396.

Wachter, K.W., Straf, M.L., 1990. Introduction: the future of meta-
analysis. In: Wachter, K.W., Straf, M.L. (Eds.), The Future of
Meta-analysis.Russell Sage Foundation, New York, pp. xiii—
XXViii.

Wolf, EM., 1990. Methodological observations of bias. In: Wachter,
K.W.,, Straf, M.L. (Eds.), The Future of Meta-analysis. Russell
Sage Foundation, New York, pp. 139-154.

Wondzell, S.M., King, J.G., 2003. Post-fire erosional processes
pacific northwest and rocky mountain regions. For. Ecol. Man-
age. 178, 75-87.

Young, M.K., Gresswell, R.E., Luce, C. (Eds.), 2003. The effect of
wildland fire on aquatic ecosystems in the Western USA. For.
Ecol. Manage. 178 (1-2), 1-229.

Zasada, J.C., Palik, B.J., Crow, T.R., Gilmore, D.W., 2004. Emulating
natural forest disturbance: applications for silvicultural systems in
the Northern Great Lakes Region of the United States. In: Perera,
A.H., Buse, L.J., Weber, M.G. (Eds.), Emulating Natural Forest
Landscape Disturbances: Concepts and Applications. Columbia
University Press, New York, pp. 230-242.



	Does forest harvesting emulate fire disturbance? �A comparison of effects on selected attributes in �coniferous-dominated headwater systems
	Introduction
	Methods
	Results
	Temperature
	Water chemistry
	Summer stream flows
	Sedimentation

	Discussion
	Temperature
	Water chemistry
	Summer stream flows
	Sedimentation

	Conclusion
	Acknowledgements
	References


