Introduction

Equivalent clearcut area (ECA)

is a common indicator used

to measure the relative loss and
recovery of hydrologic function
for a forest canopy (BC Ministry of

Forests 1999; Ager and Clifton 2005).

The forest canopy plays a critical

role in intercepting precipitation,
and affecting evapotranspiration,
snow accumulation, sublimation,
and snowmelt or ablation (Brooks

et al. 1997). Loss of forest canopy
through natural and anthropogenic
disturbances can affect the amount
and rate of precipitation that reaches
the forest floor and influences the

communicate the relative change in
risks associated with forest harvesting
in watersheds to the downstream
resources at stake.

A particular challenge facing resource
professionals is how to apply ECA
within partially disturbed forest
canopies, such as mature lodgepole
pine (Pinus contorta var. latifolia)
forests affected by the mountain
pine beetle (MPB; Dendroctonous
ponderosae) outbreak in British
Columbia. Significant uncertainty
exists regarding the relative
hydrologic contribution of dead
pine trees and residual forest canopy

change timing and frequency of flood
events causing potential increased
hazards to downstream values (Forest
Practices Board 2007).

Salvage logging of MPB-affected
forests could further increase the
relative likelihood of elevated peak
flow events compared to unsalvaged
stands (Winkler et al. 2008). To utilize
the short shelf-life of dying pine,
however, forest managers must often
make quick decisions about how
much salvage logging should take

place and

where it

;':gide g We developed a model

often without to project ECA of

complete MPB-affected stands
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benefit of .

results from to pf'OVIde resource

ongoing professionals with a

LeseaerhX\/e tool that compares
evelope : .

2 model relative hydrologic

to project recovery between

ECA of management options

MPB-affected
stands using

at the stand and
landscape level, and

. rar components given: the best
quantity and timing of water runoff ) . . available thus help inform
(Hetherington 1987; Winkler 1999).  *® the change in hydrologic function -~ " salvage logging
As an indicator, ECA is directly linked of dead trees over time as needles . ot df .
to these key hydrologic processes and branches deteriorate and to provide an ores.t'retentlon
and in practice is primarily used to snags fall; and resource decisions.
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peak flow generation (BC Ministry of with a tool

Forests 1999; Schnorbus et al. 2004).
Despite its common application

in watershed management, ECA

can be poorly correlated to relative
increases in average peak flows
caused by forest canopy loss (Scherer
and Pike 2003), although recent
research suggests forest canopy loss
may better predict increases in the
frequency of large peak flow events
(Alila et al. 2009). Because watershed
topography, basin morphology, and
local climate can affect peak flow
generation, ECA may best be used

to indicate the relative potential for
changes in streamflow from forest
canopy loss. Thus, ECA is likely

to continue to serve as a tool to

of forest recovery from incomplete
information on existing advanced
understorey regeneration

levels, and understorey tree re-
establishment and growth (Uunila
et al. 2006).

Yet, it is critical to understand

the hydrologic contribution of
MPB-affected pine stands. In many
snow-dominated (nival) watersheds
of interior British Columbia, mature
lodgepole pine forests affected by the
MPB outbreak compose as much as
50-80% of the upper elevations that
accumulate snow and contribute to
spring peak flow events. Extensive
forest canopy loss associated with the
MPB outbreak has the potential to

that compares relative hydrologic
recovery between management op-
tions at the stand and landscape level,
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of a risk analysis for the Chase—
Charcoal Creek watershed that utilizes
this model at the watershed level to
explore the relative effects of salvage
logging of MPB-affected forests on
peak flow generation and the conse-
quence to downstream values.

Model Approach and
Development

The model was developed based on
results of a quantitative synthesis of
existing published and unpublished
literature. The calculation of ECA
(100% minus hydrological recovery)
itself depends on the relationship
between the height and canopy
cover of regenerating conifers and, in
the context of MPB-infested stands,
considers:

e the declining contribution of dead
overstorey pine trees over time;

e the contribution of remaining
live non-pine overstorey and
understorey trees; and

e recovery due to the expected
rate of growth and mortality of
surviving non-pine canopy trees,
saplings, and seedlings, along with
natural ingress and/or planted
seedlings.

The sections below summarize the
model and methods applied. For
a full description of the model and
methods, see Huggard (2008).

The Relationship Between
Height and Canopy Cover of
Regenerating Conifers and
Equivalent Clearcut Area
Equivalent clearcut area values

of forest stands were indexed for
snowmelt-dominated systems by
measuring the value of a stand’s
annual maximum snow water
equivalent (SWE) accumulation or
annual maximum rate of ablation
(snowmelt and sublimation) relative
to accumulations or ablation rates
in the open (100% ECA) and in
mature stands (0% ECA). We used
the relationships between tree height
and canopy cover and SWE and
ablation rates from data presented

in five publications: two from British
Columbia (Hudson 2000; Winkler
2001); one Montana study (Hardy
and Hansen-Bristow 1990); and

two from eastern Canadian boreal
forests (Talbot and Plamandon 2002;
Buttle et al. 2005). Individual smooth
spline curves were applied to the
data points from each study using
the “smooth spline” function in the
program R® (www.r-project.org/).
Each curve was constrained to an
ECA value of 100% at 0 m canopy
height and an ECA value of 0% at
the height of the mature forest in
each study (by the definition of ECA).
Bootstrap resampling was used to
generate confidence intervals (CI) for
each curve, with the study used as
the resampling unit. Individual curves
were then combined into a single
best-estimate curve using Bayes’

rule with greater weighting applied
to the Winkler (2001) study as the
most relevant to conditions in British
Columbia’s interior. The resulting tree
height/ECA relationship displayed in
Figure 1 is the ECA recovery curve
applied to calculate the relative
contribution based on tree height
from different stand components in
the model.

In addition to height, ECA is affected
by canopy density, cover, or closure.
The height/ECA relationship (Figure
1) assumes the average relationship

ECA value (%)

Height (m)

Figure 1. Best estimate of the relationship
of equivalent clearcut area value to canopy
height (with 95% confidence intervals).
Horizontal blue lines are values used in

the Watershed Assessment Procedures
Guidebook (BC Ministry of Forests 1999).
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Figure 2. The combined relationships
between equivalent clearcut area and

crown closure from Beaudry (2006, 2007;
red), Winkler et al. (2004 green), and Teti
(2007) + Boon (2007) (blue), and the overall
combined relationship (thick black). Dotted
lines are 95% confidence intervals on the
individual and combined curves.

between tree height and crown
closure as reported in the studies used
to derive this curve. Where crown
closure is different at a given height,
the relationship should be prorated
accordingly. To do this, spline curves
were fit to the relationship between
crown closure and maximum SWE
accumulation and ablation rates from
five studies (Beaudry 2006, 2007;
Boon 2007; Teti 2007; Winkler et al.
2004), and bootstrapping used to
generate confidence intervals. Results
from each were visually similar so
were combined, weighted to the
number of sites from each study, and
the x-axis scaled to 63% closure for a
mature stand (ECA = 0) to derive one
curve (Figure 2). For each study, the
spline was forced through an ECA of
100% at 0% crown closure and 0%
ECA at the highest percent crown
closure. The nearly linear relationship
between crown closure and ECA from
these studies can be applied to the
ECA reduction to prorate canopies
that are more open than the average
relationship predicts at a given
height, such as a decaying dead

pine canopy or patchy understorey.
For example, at 6 m height, Figure

1 predicts an ECA of roughly 55%

Continued on page 44

Streamline Watershed Management Bulletin - Vol. 13/No. 2 Spring 2010

43


http://www.r-project.org/
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(95% Cl = 47-63%). This prediction
assumes a crown closure of about
70% of an uncut mature forest
(Figure 2). If the canopy density

was only 35% of an uncut mature
forest, then an ECA of about 77.5%
(95% CI = 73.5-81.5%) would be
expected. This procedure to correct
for crown closure becomes important
when applying the relationship where
regeneration is sparse or patchy.

The Contribution of Dead

Pine Trees

The contribution of MPB-killed pine
overstorey to ECA diminishes after
mortality, and considers fall rates of
pine snags, loss of canopy foliage,
and the relationship between canopy
cover and ECA. Best estimates of

the fall rate of lodgepole pines were
taken from an extensive quantitative
synthesis of tree fall and decay rates
(Huggard and Kremsater 2007).
Smooth spline curves were applied to
estimate pine fall rates from individual
data points or points generated from

regression equations presented in
eight published studies for lodgepole
and southern pines (Figure 3). Since
fall rates change with snag diameter
(Huggard and Kremsater 2007), the
results were standardized to a tree
diameter of 25 cm DBH to correspond
to a typical average for mature pine
stands. A 2-year time lag occurred
from time since death before trees
begin to fall, and with an initial high
rate of tree fall in the first 10 years,
to a low fall rate of snags that persist
up to 30 years. High variability in

fall rates exists between the various
studies, which is likely attributable

to differences in moisture as dead
pine trees in wetter ecosystems

are expected to fall at a faster rate
(Huggard and Kremsater 2007).

Dead trees that remain standing
lose their canopy over time—first
needles are lost, then fine branches,
and eventually all branches. The
relationship between time since
death and relative reduction in
canopy cover was estimated from

100 -

Fallen snags (%)

20 30 40

Time since death (years)

Figure 3. Cumulative proportion of lodgepole pine snags fallen over time (with dashed 95%
confidence intervals), based on eight empirical studies (individual data points shown, either
larger symbols for estimates at specific times, or smaller points generated from published
regression equations). All results have been standardized to a 25-cm DBH.

various sources. Several studies report
beetle-killed trees to lose all needles
within 3-5 years after death, and
most branches within 10-15 years.

A synthesis of four studies of five
species of pine (Huggard and
Kremsater 2007) showed snags
transition from class 3 to class 4

(i.e., using Thomas [1979] snag
classification) in approximately

6 years (95% Cl = 3.5-10.8 years)
representing the loss of needles

and fine branches assumed to
provide half a tree’s canopy cover,
and transition between class 4 to
class 5 in 21.5 years (95% Cl =
12.3-27.6 years), representing loss of
all but short branch stubs. These rates
were slightly faster than estimates
based on light transmission in MPB-
killed stands reported by Coates and
Hall (2006). In that study, lodgepole
pine snags 8-17 years old lost 47.4%
of their light blocking compared to
0-7-year-old snags, representing

an almost 50% reduction within

that period. Considering these

data sources collectively, the
relationship in Figure 4 represents a
best approximation of the relative
reduction in canopy cover with time
since death following MPB-caused
tree mortality.

The combined relationships of fall rate
of beetle-killed trees, loss of crown
closure of beetle-killed trees, and the
relationship between canopy cover
and ECA produce the relationship
between ECA for dead pine and time
since death (Figure 5). The combined
curve shows an ECA of 50% after

5 (2-8) years and 80% after 10
(8-13) years. This represents the ECA
of only the dead pine component of
the stand, not including contributions
from non-pine and understorey trees.

Immediate- and Long-term
Contribution of Non-

Pine Canopy Trees and
Understorey Trees

Immediately following MPB-induced
mortality of the tree canopy, the
model initially assumes that non-pine
overstorey and pine understorey too
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Figure 4. Estimate of the loss of canopy cover
for individual standing snags with increasing
time since tree death. The cover is expressed
relative to a value of 1 for the live tree.
Dotted lines are subjective 95% confidence
intervals.
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Figure 5. Expected ECA of the beetle-killed
pine components of stands over time,
based on combining the curves (and their
uncertainty) from Figures 3 and 4. Dotted
lines are 95% confidence intervals.

small or unaffected by MPB continue
to contribute to a stand’s ECA value.
Two sources of data on non-pine
overstorey and understorey trees in
pine-leading stands were used to
estimate the amount of these other
stand components. In south-central
British Columbia, Vyse et al. (2007)
surveyed density of seedlings,
saplings, and poles (7.5-15 cm DBH)
and percent basal area of non-pine
overstorey trees in 11 biogeoclimatic
ecosystem classification (BEC)
subzones, primarily in the Kamloops
area. Coates et al. (2006) compiled
density of seedlings (10 cm to

1.3 m tall) and saplings (1.3 m tall
to 7.5 cm DBH) and basal area of
non-pine overstorey trees for five
subzone variants in the Sub-Boreal
Spruce (SBS) zone in the Nadina,
Vanderhoof, and Prince George
forest districts. The ECA contribution
of non-pine overstorey is assumed
to be directly proportional to its
share of the stand’s basal area.
Thus, a stand with 40% non-pine
basal area in the canopy would
reduce the ECA for the stand by
40%. For understorey saplings, both
studies reported actual densities
per plot. These actual densities
were converted to a percentage

of the tree density assumed to
produce a completely stocked
stand (1200 stems per hectare).
Thus, a stand with 600 stems per
hectare understorey trees would
initially have 50% of the hydrologic
contribution of a fully stocked
stand. The heights of these existing
saplings and seedlings further
modifies their contribution to ECA,
assuming understorey saplings have
the same effect in reducing ECA

as similar-sized trees in the open.
Sapling measurements include
counts of all trees greater than 1.3 m
tall and less than 7.5 cm DBH. We
assumed that sapling heights were
sampled from a normally distributed
population of saplings between

1.3 m and 6 m tall with twice as
many seedlings at the lower end

of the distribution, resulting in a
mean height of 3.2 m (SD = 0.66).
Thus, a stand with an understorey
of 600 stems per hectare at 3.2 m
in height would have an ECA
reduction of 10% [(600/1200 stems
per hectare = 50%) x (20%, or the
ECA reduction for a 3.2 m height)].
In the previous example where the
non-pine overstorey contributes to
reduce the stand ECA by 40%, the
10% understorey contribution is
applied to the remaining 60% of
the stand. Together, the immediate
total ECA reduction for the non-
pine overstorey and understorey
portion of the stand is 46% [40%

+(60% x 0.10) = 46%]. The
hydrologic contribution of pole-sized
understorey trees (7.5-12.5 cm DBH)
was calculated in a similar fashion,
based on a fully stocked stand (1200
stems per hectare) of stems ranging
from 5 m to 12 m tall, with twice as
many stems at the lower end of the
height distribution.

Overall, contributions of the non-
pine canopy to reducing ECA (using
average understorey conditions)
were in the range of 10-20% in 5 of
12 BEC units (Figure 6). Non-pine
canopy contributions were lower in
the pine-dominated SBS dry cool
(dk) and SBS moist cold (mc)3 and
higher in pine-leading designated
zones in the Montane Spruce (MS)
dry mild (dm)3, Sub-Boreal Pine-
Spruce (SBPS) moist cool (mk), SBS
dry warm (dw)1, and Engelmann
Spruce-Subalpine Fir (ESSF) dry cold
(dc)3. Pole-sized (7.5-12.5 cm DBH)
trees were relatively common in all
BEC units and their greater height
contributed between 7-14% ECA
reduction at the time of MPB-caused
mortality. Although saplings were
common in most stands, their short
height reduced their immediate
contribution to ECA reduction to
only 2.5-6% (Figure 6).

Beyond their immediate contribution,
understorey saplings and new
seedlings are expected to grow in
unsalvaged MPB-affected stands,
contributing to long-term stand ECA
recovery over time. Little empirical
data is currently available on
understorey growth in unsalvaged
stands, so calculating the contribution
of understorey regeneration relies on
assumptions regarding release delay,
mortality rate, and new seedling
regeneration.

A simple modelling approach was
used with existing saplings growing
over time following the curve of
height versus time predicted by
Variable Density Yield Prediction
model (VDYP; see www.for.gov.bc.ca/

Continued on page 46
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Figure 6. Total expected ECA reduction of pine-leading stands shortly after MPB attacks owing to contributions of understorey and non-pine
overstorey, without poles (“O”) versus with poles (“P”; Vyse et al. only). Error bars are 95% confidence intervals. Note the different y-axis scales.

Continued from page 45

hts/vdyp/). The VDYP height versus
time curve depends on site index
(S and the BEC-specific mix of four
main conifer tree species (spruce,
fir, Douglas-fir, and pine). Existing
saplings at time O are assigned an
effective age based on the age that
trees on the VDYP curve would be
when they reached the height of
existing saplings, whereas seedlings
are assumed to average 2 years at
time 0.

Release delay for existing saplings
and seedlings refers to the number of
years after disturbance before growth
begins to follow the height-time
curves predicted by the VDYP. A
release delay of 5 years with broad
uncertainty was used (Figure 7a).

A proportion of existing seedlings
and saplings are also assumed to

die, with a default survival rate over
30 years of 50% for existing saplings
(95% Cl = 30-70%; Figure 7b) and
seedling survival of 25% (95% Cl =
10-40%,; Figure 7c). For example,

if existing saplings and seedlings at
the time of disturbance equal 50%

of full stocking (600/1200 stems per
hectare), then after 30 years seedlings
and saplings only occupy 25% and
12.5% of available space, respectively,
with their contribution to ECA
reduction prorated accordingly.

New seedlings establish over time
after MPB disturbance, with an
average delay period of 20 years

and with a skewed 95% confidence
interval of 5-45% (Figure 7d)

before a fully stocked understorey is
achieved.2 New seedling species are
assumed to be the same as species
composition of existing seedlings,
excluding lodgepole pine. New
seedlings follow VDYP growth curves
for the site index and species mix.
The contribution of new seedlings

to ECA reduction is calculated as for
saplings based on their density and
height relative to a fully stocked stand
(1200 stems per hectare) and 12 m
height ECA recovery.

The combined effect of these
parameters results in a steadily
increasing contribution of
understorey trees to reducing

ECA (Figure 8, page 48). New
seedlings and existing saplings and
seedlings grow at the same rate.
After regeneration delay, however,
new seedlings contribute more
quickly to reducing ECA as the
contribution of existing seedlings
and saplings is limited to the area
occupied and mortality reduces
their contribution over time. Under
most circumstances, a period of
40-60 years is required before
existing saplings, seedlings, and new
seedlings produce a fully stocked
stand that is hydrologically recovered
(12 m high; Figure 8). Tree species,
site index, existing understorey
trees, and different assumptions
around existing sapling and seedling
mortality and regeneration delay
can shorten or extend this rate of
hydrologic recovery.

1 Site index is an index of growing site productivity expressed as tree height in metres at 50 years; see www.for.gov.bc.ca/HRE/sibec/SIBEC_

RDM_Section_2.htm

2 New seedlings are assumed to initiate every year.
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Figure 7. Probability density functions of four parameters used in the model including:

(a) release delay—the number of years after disturbance before existing saplings and pole
trees start to grow following the height-versus-time curves provided by VDYP (average value

5 years); (b) sapling, and (c) seedling survival, or proportion (%) of trees remaining after

30 years, and (d) regeneration delay—years after disturbance until new seedlings would reach

full stocking levels.

Combining Stand Components
to Compare Unsalvaged and
Salvage-logged Stands

The contribution of non-pine
overstorey, dead pines, and
understorey to reducing ECA are
added sequentially, so that the dead
pine reduction is applied only to
the ECA after the non-pine canopy
reduction, and the understorey
reduction to the remaining ECA.
This assumes that the stand

components are randomly located,
and avoids double counting (e.g.,
understorey under non-pine canopy).
The resulting projection of ECA in
unsalvaged MPB-affected stands
varies with the amount of non-pine
overstorey/understorey levels, site
index, and assumptions around
seedling growth, establishment, and
mortality. For example, an average
unsalvaged pine-leading stand in the
MSdm3 subzone will have a predicted

maximum ECA of only 43% (95% Cl
= 38-53%; Figure 9a, page 48) when
considering the contributions of all
stand components compared to an
all-pine canopy stand in the SBSmm
subzone with a maximum ECA of
73% (95% Cl = 61-88%; Figure 9b).
These differences are primarily due
to the lower non-pine canopy and
reduced density of understorey trees
found on average in stands sampled
in the SBSmm subzone.

The projected ECA over time of
unsalvaged MPB-attacked stands
also contrasts sharply with the ECA
recovery curve for a salvage-logged
stand. The maximum ECA for an
average stand in the MSdm3 at
43% is a substantial reduction
compared to an ECA of 100% for a
salvage-logged stand in the same
zone (assuming no retention; Figure
9b). In the unsalvaged stand, ECA
values immediately following MPB
disturbance remain low and increase
over time with a maximum ECA
value predicted to occur 15-20 years
later than the salvaged stand, which
occurs right after harvest. Equivalent
clearcut area recovery also occurs
more slowly in the unsalvaged

stand due to the regeneration delay
and mortality of existing seedlings,
ingress delays to achieve full stocking
levels, and slower growth rates for
trees in unsalvaged stands compared
to the salvaged stand that follow
growth curves from the Table
Interpolation Program for Stand
Yields (TIPSY: see www.for.gov.bc.ca/
HRE/gymodels/TIPSY)3 (Figure 9).

Discussion and Conclusions

Our model clearly illustrates that
lodgepole pine stands affected by
MPB continue to make a hydrologic
contribution for many years after an
MPB outbreak, from the non-pine
canopy, early contribution from dead
pine, and subsequent contributions
from growth of existing and new

Continued on page 48

3 TIPSY growth curves use growth and yield data from silviculturally managed stands to estimate tree growth resulting in higher growth rates
compared to VDYP curves for naturally regenerated stands.
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Figure 8. Example results for the understorey contribution of a MPB-killed, pine-leading stand with non-pine components (50% spruce and
50% subalpine fir) in the MSdm3 subzone. Results are presented as the ECA value of each component separately (with 95% confidence
intervals), and their combined ECA value (thick black line) which recognizes overlap of components. This figure illustrates differences in recovery

due to growing site quality using a site index of 16 (a) and a Sl of 22 (b).
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Figure 9. Differences in ECA expected over time in unsalvaged and salvaged + planted stands with 50% spruce and 50% subalpine fir
understorey, using initial conditions from MSdm3 (left) and SBSmm with an all pine canopy (right). Thin lines show relative contributions over
time of components of the unsalvaged stands.
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understorey. The relative magnitude
of the maximum ECA in unsalvaged
MPB-affected stands is largely

driven by the amount of non-pine
overstorey, density and size of existing
understorey trees (which varies
between BEC subzones), and recovery
time driven by site index. Whereas
salvage logging results in an immedi-
ate increase to 100% ECA (assuming
no influence of forest retention)
regardless of the proportion of pine

in the overstorey, our model predicts
maximum ECA in MPB-affected stands
will not occur for at least 10 years
following attack with the diminishing
contribution of the dead pine oversto-
rey and growth of understorey trees.
Other factors can prolong or increase
the ECA recovery in MPB-affected
forests relative to salvage-logged
stands. Tree mortality caused by MPB
can occur over several years and the
severity of MPB attack can vary by
tree size (Shore et al. 2006). The rate
of ECA recovery in MPB-killed stands
also largely depends on the density
and size of existing regeneration,
which can be variable but may often
exist in adequate densities to make
up a fully stocked stand (Coates et

al. 2006; Nigh et al. 2008). Future
ECA recovery is based on TIPSY and
VDYP stand projections, which may
overestimate ECA recovery if future
natural disturbances cause more than
expected levels of mortality in regen-
erating stands (BC Ministry of Forests
and Range 2008). Projections of the
survival and rate of growth of existing
understorey in unsalvaged stands,

as well as new seedling ingress,
survival, and growth are based on
best available information; however,
lack of data reduces our confidence in
these parameters. Uncertainty should
be a key consideration when assessing
the rate of hydrologic recovery in
salvaged and unsalvaged stands.

Caution is required when applying the
model at the operational scale. Our
model presents results for average
stand conditions within the BEC
subzone modelled and is based on
limited available data. We could only
show the uncertainty due to empirical
parameters; additional variability

will arise from deviations from our
assumptions and from parameters
presented without uncertainty (e.g.,
TIPSY and VDYP growth). Local stand
conditions within subzones can

vary widely. Considerable additional
variability will exist
between model
predictions and condi-
tions in individual
stands (i.e., sever-

ity of MPB mortality,
amount of non-pine
overstorey, understo-
rey amount, survival,
and growth). Because
of these limitations,
the model is best used
to evaluate the relative
differences between
decisions to salvage or
not to salvage, given
the best understand-
ing of average stand
conditions over the
scale of a watershed.
However, predictions
for local site condi-

Our model clearly
illustrates that
lodgepole pine

stands affected by

MPB continue to

make a hydrologic

contribution for many
years after an MPB
outbreak, from the
non-pine canopy, early
contribution from dead
pine, and subsequent
contributions from
growth of existing and
new understorey.

recovery relative to leaving these
forests unsalvaged. Thus, managing
ECA effects in watersheds over time
requires a balance between salvage
and retention of MPB-affected forests.
However, the appropriate balance of
salvage and retention
should be informed
by risk analyses,
undertaken by
qualified professionals,
that consider
characteristics of

the watershed,
downstream values,
and past and
expected future
trends in watershed
impacts.

What may be of
greater consideration
to decision makers

is the high degree

of uncertainty that
remains around the
relationship between
ECA and peak flow

tions can be improved

if resource professionals collect local
information to refine model assump-
tions, particularly non-pine canopy
and existing understorey levels, as a
way of informing local decisions on
salvage logging and retention.

Management Implications

The model illustrates that differences
in timing and magnitude of ECA
effects of MPB-affected forests
warrant further consideration as
professionals develop salvage logging
and retention plans in MPB-affected
watersheds. Managers and decision
makers should inform themselves

of the consequences and tradeoffs
associated with the salvage logging of
MPB-affected forests. Retaining mixed
to pine-leading stands (40-70%
pine) with a denser understorey can
help reduce short-term increases

in ECA relative to salvage logging
these same stands. Salvage logging
of pine-dominated (> 70% pine)
stands with very little understorey,
followed by prompt regeneration,
can speed up the rate of hydrologic

events. New statistical
analysis techniques
may shed additional light on the
effects forest canopy loss on the
change in frequency of large-scale
flood events that often negatively
affect downstream values (Alila et al.
2009). Detailed hydrologic models
that incorporate stand, soil, basin
morphology, and weather effects are
a much more direct way of evaluating
the hydrologic effects of management
(Beckers et al. 2009). Until such mod-
els are refined and become available
for operational use, the use of ECA
will continue to provide professionals
with a helpful tool for determining the
likelihood of hydrologic change due
to forest canopy loss from MPB and
salvage logging. "\w
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