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The Importance of Scale

Examination of expected changes in water
yield for a large area where vegetation thin-
ning has been proposed in the Sierra Moun-
tains of California indicates that the size of
the area has an important bearing on annual
runoff. At the smallest scales, some treated
areas may have easily measured changes in
water yield, with the potential for impacts on
aquatic biota and water quality. The average
changes in annual runoff per unit area for
large tracts, however, are too small to be
measured directly and thus must be quanti-
fied by using models to extrapolate existing
knowledge.
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anagement of forest vegeta-
tion and its relationship to
water yield has long been a

lively issue. The USDA Forest Service
has been criticized in northern Col-
orado for failing to have a forest man-
agement strategy that includes consid-
eration of water yield for downstream
users, including fish and wildlife
(Swanson 1998). Some say it is possi-
ble to get substantial increases in
runoff with modest vegetation man-
agement; others contend that even ag-
gressive vegetation removal is likely to
have only localized effects. An excellent
historical review of this subject is avail-
able (Ziemer 1986) and is recom-
mended reading.

The Santiago Agreement, which ad-
dresses criteria and indicators for sus-
tainable management of forests (“Sus-
taining the World’s Forests,” 1995),
lists “enhancement of ability to predict
impacts of human intervention on for-
ests” as one indicator of progress. The
work presented here attempts to build
toward such an improved capability.
We have examined one aspect of the
issue—quantity of the change in an-
nual runoff in response to forest thin-
ning—for a large portion of the Sierra
Nevada Mountains in central Califor-
nia (fig. 1). For the remainder of this
article, the term water yield is under-
stood to represent the annual cycle, un-
less otherwise stated.
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Figure 1.The study area in California used to explore effects of vegetation thinning

for fire control on water yield.
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Figure 2. Sequence of WRENSS hydrology model calculations.

Water-Yield Estimates

Bosch and Hewlett (1982) analyzed data from 94 catch-
ment experiments and reinforced Hibberts earlier conclu-
sion (1967) that water yield increases with reduction of for-
est cover. They suggest a generalization that conifer cover
types can be expected to produce about a 40-millimeter
change in annual water yield per 10 percent change in forest
cover. However, they note that reductions in forest cover of
less than 20 percent resulted in changes in water yield that
were not detectable by measuring stream flow. Logic, they
argue, dictates that somewhere between zero treatment and
20 percent cover reduction, the effect will be negligible, but
the data are too sparse to allow more precise estimates.

We have used the Water Resources Evaluation of Non-
point Silvicultural Sources (WRENSS) methodology (US
EPA 1980) to assess the water-yield impact of changes in
vegetation cover from thinning or clearing (e.g., Troendle
1979; Swanson 1998). Briefly, WRENSS is a methodology
for estimating annual evaporative losses. It includes field-de-
rived relationships between seasonal precipitation, physical
characteristics of a watershed (such as slope, aspect, and ele-
vation), vegetation cover density, and vegetation rooting
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depth. The hydrologic component of WRENSS is designed
to compare vegetation conditions before and after treatment
and estimate the change in water yield for both snow-domi-
nated and rain-dominated areas.

WRENSS is available as an executable computer program
(e.g., Swanson 1998) and also in the form of FORTRAN
source code (Huff et al. 1999). We adjusted original model
results by setting any negative changes in seasonal water yield
to zero, based on the assumption that thinning will never re-
duce water yield (Troendle 1987). The sequence of
WRENSS hydrology model calculations is shown in frgure 2.
The water-use modifier factors relate vegetation cover den-
sity and the ratio of actual and maximum or baseline (fully
forested) evapotranspiration. The modifier coefficients were
derived from calibrated models when the WRENSS
methodology was developed (US EPA 1980). Elements
above the horizontal dashed line in figure 2 represent inputs;
model outputs are below.

Effects of Vegetation Management

To examine the effect of large-scale vegetation manage-
ment on runoff, we identified thinning levels for firebreak
construction and general fuel removal from overstocked
coniferous forests, then modeled the change in water yield
between current conditions and a hypothetical end point
that represents a sustainable forest condition. The objective
was to examine the maximum likely change in water yield
that could be achieved from a large-scale thinning operation
aimed at fire resilience, biofuel production, and sustainable
generation of other forest products. We were particularly in-
terested in examining the relationship between size of area
treated and water-yield increase.

For our analysis, we chose as a scenario a large study area
(> 40,000 square kilometers). It was typical of most extensive
forests in that it contained both public and private lands,
several large lakes and reservoirs, and tracts subject to inher-
ent restrictions on forest thinning (e.g., National Park land,
wilderness areas, special habitat areas, and areas set aside as
wild and scenic river buffer zones)—all practical constraints
to the amount of clearing or thinning that is possible. In ad-
dition, because areas with low vegetation density (e.g., de-
veloped areas, range, farmland, or tundra) will not support
further clearing, the areas considered eligible for thinning
were required to be forested and have vegetation density
greater than a set threshold. As our primary measure of veg-
etation density, we used the leaf-area index (LAI), which is
the total (one-sided) leaf area per square meter within a 1-
square-meter column area, projected from the ground sur-
face to the top of the tree canopy.

We used NASA remote sensing data and a radiative trans-
fer model of the canopy to derive a map of LAI values for
each 1-square-kilometer cell within the study area and stored
the information in a geographic information system (GIS)
data table. This allowed us to use the vegetation information,
together with rules for when and how much to thin, to de-
velop the necessary data to simulate pretreatment and post-
treatment conditions for determining the corresponding
change in water yield. The thinning rules we applied were



based on the Herger-Feinstein Quincy Library Group Forest
Recovery Act (Quincy Library Group 1998) and assumed
fire-resilient stands with an LAI of <1.8 and firebreaks with
an LAI of <1.5. We also used multivariate cluster analysis to
group similar cells into classes. This allowed us to reduce the
number of necessary computations by a factor of 10.

For the study area, imposing the constraints to exclude
setaside, protected, and nonforested land reduced the total
eligible area for thinning to 16,662 square kilometers (more
than 60 percent of the area was ineligible for consideration).
Application of minimum LAI requirements for thinning
(LAI >1.8, which is roughly a basal area of 135 square feet
per acre) further reduced simulated thinning operations to
only 6,451 square kilometers (a little over 15 percent of the
entire study area). The area-weighted LAI for treated cells
dropped from 3.2 to 1.9 as a result of simulated thinning.

For each treated 1-square-kilometer cell, the simulated
change in annual water yield for average climatic conditions
and our thinning scenario ranged between 0 and 165.6 mil-
limeters. We determined the mean and standard deviation
for each group or class of cells by analyzing results of 100 re-
peated runs of the WRENSS program, where we allowed the
model parameters to vary according to their distributions
among all cells in the class. For all thinned cells, the mean
and standard deviation was 5.2 and 13.7 millimeters, re-
spectively. By comparison, typical total annual runoff in the
study area is about 600 millimeters.

Aggregating the Cell Results

Because only about 15 percent of our area was likely to be
treated, it was important to aggregate the effects of thinning
a patchwork of individual map cells to the watershed scale.
Figure 3 illustrates the calculation method with a hypotheti-
cal example. It shows an idealized watershed containing 40
1-square-kilometer map cells. The example uses four classes

Description

D No thinning

|:| Thinned, no change in water yield
D Change in water yield = 5.2 + 13.7 mm

. Change in water yield = 83.0 + 1.0 mm

Figure 3. Idealized representation of a watershed with 40
individual cells and four different classes of treatment effects.
The shading indicates each of the classes of cells.

of cells, where each class represents a set of cells with statisti-
cally similar but not identical properties. The statistical
grouping process (cluster analysis) renders the classes essen-
tially independent of one another. In general, cells in a given
class (cluster) are not necessarily adjacent; they simply have
similar properties (e.g., precipitation, slope, aspect, LAI, and
rooting depth). Furthermore, each class of cells has a distri-
bution of properties that can be used with a simulation
model to produce a range of values of estimated change in
water yield. This range in values represents the spatial vari-
abilicy among cells and can be used to determine a mean and
variance for water yield within each class of cells.

For the class of cells with no thinning (excluded from
treatment because of administrative policy or because vege-
tation density was too sparse), the example assumes there is
no change in water yield. The second class of cells in the ex-
ample is representative of minor thinning, where vegetation
density was reduced less than 10 percent (general fuel re-
moval). WRENSS calculated no change in water yield for
these cells. The third class of cells in the example is typical of
firebreak construction, where vegetation density was reduced
about 35 percent on average. We used the mean and stan-
dard deviation for all thinned cells (5.2 + 13.7 millimeters)
to represent this category of cells. The fourth class of cells in
the example is representative of thinning in rain-dominated
areas, where vegetation density changes were about 35 per-
cent, and WRENSS predicted an annual water yield of 83
millimeters and a standard deviation of 1 millimeter.

For the idealized watershed in figure 3, the area-weighted
mean value for change in water yield (Snedecor and Cochran
1980) is

N,
Ew = _lezxz

where X is the weighted mean change in water yield for the
watershed, 4, is the weighting factor for class 7, x; is the mean
change in water yield for cell class 7, IV is the total number
of cells in the watershed and

where /V; is the number of cells in class 7.
For the variance in change in water yield for the water-

shed

N, No N,
O'lj = Z).?G,-Z +2) le-).jCov(x,-, x;)

f) o1 5
where 0, is the standard deviation of change in water yield
for the watershed, o; is the standard deviation of change in
water yield for the cells in class 7 j is all integers from 7+1 to
N, for any value of i, Cov(x;, x)) is the covariance between x;
and x;, and the other terms are as previously defined.

This becomes
2 Ny 2 2
O, = Z;Lici

when we assume the covariance terms are zero because the
statistical grouping process renders the classes independent
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Table 1. Summary of example calculations for deter-
mining area-weighted mean and variance of change
in water yield (mm) for a watershed from individual
cell values.

Cell Number

cluster Mean  Standard of Contribution
number change deviation cells to

i () (@) N) N ou?

1 0.0 0.0 22 0.55 0.0

2 0.0 0.0 6 0.15 0.0

3 5.2 13.7 10 0.25 11.73

4 83.0 1.0 2 0.05 0.0025
Watershed
summary 5.45 3.42 40 1.00 11.73

of one another, as previously noted. The result of applying
this aggregation process for our idealized example case is
summarized in zable 1.

The area-weighted watershed change in water yield from
our idealized scenario is thus 5.45 + 3.42 millimeters. This
example illustrates some of the patterns we saw in the more
comprehensive analysis of the study area. Most cells (85
percent of the area) had no change in water yield because
they were not thinned. Some cells that were thinned still
exhibited no simulated change in water yield. Many cells
showed a modest change in annual water yield from thin-
ning, and a few cells with large changes made a significant
contribution to the overall change in water yield. The ex-
ample shown here is representative of typical small water-
sheds, as defined by California, in the study area. The av-
erage size of a small watershed in our study area is about 40
square kilometers over all watersheds that were treated (429
total).

To represent all treated watersheds in the study area, we
can aggregate the results in two ways. One method is to cal-
culate simple statistics for the population of mean change in
annual water yield for all 429 affected watersheds. This ap-
proach applies uniform weighting to all watersheds, regard-
less of size. This number is useful as a means for character-
izing the typical small basin but does not accurately estimate
the mean and standard deviation for the larger area.

The alternative approach is to expand the size of the area
considered and use the same cell-based approach illustrated
in rable 1. We think this is a more appropriate way of ag-
gregating cumulative changes in water yield for larger areas.
Using the cell-based area-weighted approach for the study
area, our scenario produced a 5.2 + 13.7 millimeter change
in water yield for each treated 1-square-kilometer map cell,
1.97 + 0.04 millimeters over the 16,973-square-kilometer
area represented by small watersheds that had at least one
treated cell, and 0.71 % 0.015 millimeters for major hydro-
logic unit code (HUC) watersheds (e.g., HUC 18020121 is
the North Fork Feather River in California).

From those results, it is clear that as the size of the wa-
tershed increases, the fraction of the area treated tends to
decrease. The change in water yield at the individual cell
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scale ranged from 0 to 166 millimeters. At the typical wa-
tershed scale (40 square kilometers), change in water yield
ranged between 0 and 34 millimeters. Finally, at the HUC
scale, the change in water yield ranged between 0 and 4
millimeters.

Although the change in water yield per unit area de-
creases as the size of the area increases, the actual volume of
water produced (product of area and runoff per unit area)
will increase. For example, the annual volume of water pro-
duced from the aggregated area of all watersheds that had
at least one thinned cell in our scenario would be in excess
of 33 million cubic meters. This increase in water volume
results from vegetation removal if the stable end point (as-
sumed for the thinning) can be maintained and is less than
0.4 percent of expected total annual runoff volume. In re-
ality, regrowth of thinned areas and the impracticality of
fully implementing the scenario would reduce this upper-
limit estimate.

Conclusions

We have illustrated an approach and presented typical
results from a single application over a large area. Group-
ing individual cells with similar characteristics and then ex-
ecuting the model repeatedly for each group is an effective
way to obtain simulation results over a wide area. The ap-
proach allows for the preservation of a statistical distribu-
tion of individual cell input values within each grouping
through the simulation, producing a statistical distribution
of model results for each group. These statistical results can
be recalculated for any scale of interest, from individual
cells to watersheds to HUCs. This approach is general and
can be used with other simulation models besides
WRENSS.

There is considerable room for extension and refine-
ment of the analyses. For example, use of a 1-square-kilo-
meter cell size provides only a coarse definition of vegeta-
tion density and other basin characteristics that are impor-
tant for detailed analyses. The WRENNS methodology is
also limited by its reliance on empirical water-use factors
that must be derived from water-yield experiment observa-
tions, which in turn are relatively sparse. Therefore, the ab-
solute magnitude of the values obtained through this study
are based on estimates that have considerable uncertainty.
Even so, the general magnitude of the results and the pat-
terns they exhibit are consistent with independent analyses
by other investigators and should be useful as a guide to fu-
ture research directions.

Our study suggests that increases in runoff can be antic-
ipated in association with the thinning included in planned
vegetation management. As the treated area increases, total
runoff volume will also increase. However, the change in
yield relative to expected annual runoff is quite small. Even
at the scale of a single treated 1-square-kilometer area, we
would anticipate average increases in water yield of the
order of 1 percent. As the US Geological Survey considers
stream-flow measurements within 5 percent of the actual
value for 95 percent of the observations to be “excellent”
and there is considerable annual variability in runoff, it



should be obvious that the expected changes we project are
unlikely to be measurable.

That is not to say that in some circumstances there will
never be observable changes, but simply that at the large
scale, the effects of forest thinning on yield can only be es-
timated, not quantified by direct measurement. At the
smallest scales, some treated areas are likely to show easily
measured changes in water yield, with the potential for im-
pacts on aquatic biota and water quality. This emphasizes
the need for new, small paired-watershed studies to quantify
effects of thinning to allow improved extrapolation of
water-yield estimates. Such new work in our study area
could provide a basis for refining water-use coefficients in
WRENSS, or perhaps allow calibration of other, more
process-oriented models.
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