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Abstract.—Stream habitat surveys and watershed assessments have been developed and used as
monitoring tools for decades. Most rely on type I error as the primary criterion, with minor
consideration of statistical power and effect size. We test for statistical differences in fish habitat
condition between harvested and nonharvested watersheds from habitat survey data collected in
southeast Alaska. We apply statistical power analysis to judge whether nonsignificant results can
be interpreted with confidence. None of the fish habitat variables we examined were significant
at a 5 0.05; however, several P-values were less than 0.10 and consistent differences between
harvested and nonharvested reaches were observed among channel types. Statistical power is low
and the probability of not detecting differences is high when the effect size, scaled to the standard
deviation of the measurement, is small to medium. For large effect sizes, the ability to detect
differences was greater but did not exceed 85% for any measurement. Statistical power, effect
size, and biological significance of the outcome are important considerations when the results are
interpreted and can lend additional information to managers making decisions with data that are
less than perfect.

Ecological monitoring has been bound by a sci-
entifically conservative paradigm that is ruled by
type I error. The paradigm fits well for hypothesis
testing in a rigorously controlled experimental de-
sign and it is well entrenched in philosophy of
science literature (Popper 1959). Attempts to as-
sess large watersheds or effects of management
activities across watersheds and landscapes are
frequently based on compromises that facilitate
ease of data collection and economic efficiency.
In many instances, assessments and monitoring
programs have not used more sophisticated statis-
tical protocols such as some of the examples pre-
sented by McDonald (2002). In some cases mon-
itoring programs have been based on retrospective
data and often a less than perfect dataset. Managers
are forced to make decisions from imperfect in-
formation and the conservative paradigm of hy-
pothesis testing at a 5 0.05 may not be appro-
priate. Johnson (1999) discusses various aspects
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of setting P-values in hypothesis testing, reasons
why they may be arbitrary, and some alternatives.

Large-scale landscape assessments have been
developed and implemented to evaluate watershed
condition over a wide geographic range. These in-
clude assessments arising from the Northwest For-
est Plan for the Pacific Northwest (FEMAT 1993)
and the Tongass Land Management Plan (U.S. For-
est Service 1995) for southeast Alaska. Others,
such as the Environmental Monitoring and As-
sessment Program, were developed for a broader
geographic range (USEPA 2002). These assess-
ments include attempts to identify effects of land
management activities on salmon habitat and salm-
on abundance. The development of a set of core
measures that can be used to measure fish habitat
condition over a wide range of geographic con-
ditions has been a central issue in these assess-
ments. A set of core measures was proposed to
monitor fish habitat in the Columbia River basin
(U.S. Forest Service 1994). A similar approach,
based in part on the assessment for the Columbia
River basin, was developed for fish habitat in
southeast Alaska (U.S. Forest Service 1995). Mea-
surement of habitat variables has been examined
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TABLE 1.—Criteria used to screen the habitat survey data used in our analysis.

Measure
Type of

information
Description of
measurements Criterion

Location Latitude and longitude at
stream mouth

Degrees U.S. Forest Service, Region 10 Stream
Habitat Survey Protocol a

Metadata Units of measure English or metric Common definitions
Management Timber harvested or un-har-

vested
Harvest units were upstream or imme-

diately adjacent to the stream section
surveyed; no criteria for time of har-
vest were applied.

Channel type Physical dimensions verified Metric Cross-sectional procedure (Harrelson et
al. 1994)

Substrate Sizes Metric Wolman pebble counts (Wolman 1954)
Bank-full width Physical dimensions Calculated (average) Cross-sectional procedure
Bank-full depth Physical dimensions Calculated (Average) Cross-sectional procedure
Channel gradient Slope of stream Percent Cross-sectional procedure
Channel bed width Active channel Average Common definitions and methodology
Reach length Total survey length Meters Common definitions and methodology
Pools Number in survey Count Region 10 Stream Habitat Survey Pro-

tocol (meets all three criteria)
Residual pool depth Average of all pools measured

in survey
Maximum depth-pool tail

depth . 0.15 m
Region 10 Stream Habitat Survey Pro-

tocol
Pool length Amount in stream survey Meters Common definitions and methodology
Large wood pieces Total pieces Count Region 10 Stream Habitat Survey Pro-

tocol
Key large wood

pieces
Total key pieces Count Region 10 Stream Habitat Survey Pro-

tocol

a From geographical information system and global positioning system data and U.S. Geological Survey topographical maps.

in considerable detail to determine observer var-
iability and precision (Minns et al. 1996; Bauer
and Ralph 1999; Kaufmann and Larsen 1999;
Kaufmann et al. 1999; Archer et al. 2004).

The issue of consistent measures of habitat ap-
pears to be reasonably well defined, and tools are
available to evaluate this aspect of habitat assess-
ment (Roper et al. 2002). Kaufmann et al. (1999)
found that habitat area was relatively imprecise,
was affected by stream stage, and varied among
observers. However, measurements of other vari-
ables, including those in the core variables we use,
were either precise or moderately precise, as de-
scribed by the signal-to-noise ratio (Kaufmann et
al. 1999). Among these variables are the width-to-
depth ratio and residual depth. Archer et al. (2004)
found the least amount of observer variability in
measures of pool frequency, substrate size distri-
bution, and counts of large wood. Ralph et al.
(1994) also found that measurement of the volume
and position of large wood debris was consistent
among their surveys. All of these results assume
that field crews are well trained.

We examine the ability of a set of core variables
to measure fish habitat, using data collected in
southeast Alaska to detect differences in fish hab-
itat attributable to timber harvesting. Statistical
power analysis is applied to judge whether non-
significant results can be interpreted with confi-

dence. We use type I and type II error rates and
effect size to interpret our results in the context of
environmental monitoring.

Methods

Data source.—We used data from monitoring
surveys designed to assess stream habitat condi-
tions in the Tongass National Forest. The surveys
were conducted from 1994 through 1998 in 3rd-
to 4th-order streams that supported anadromous
salmon populations. All of the watersheds includ-
ed in this study are less than 50 km long, ranging
from high-gradient steep tributaries to low-gradi-
ent floodplain river systems and intertidal reaches.
The surveys were conducted by trained crews and
followed the methodology that has been incor-
porated into stream habitat survey protocols in use
throughout the Tongass National Forest (U.S. For-
est Service 2001). Samples of harvested and non-
harvested reaches were selected from watersheds
with economically viable amounts of commer-
cially productive forest; therefore, the samples
presented in this study do not represent the pop-
ulation of all streams in the Tongass National For-
est. Each reach was surveyed once. We reviewed
and screened all data to ensure quality, integrity,
and consistency with the protocols (Table 1).
Stream sample lengths varied considerably, rang-
ing from 100 m to more than 6,000 m; however,
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TABLE 2.—Data collection methods and equations used to calculate the eight habitat response variables from field
surveys.

Habitat
response variable Equation Data collection method

Width-to-depth ratioa Bank-full width: bank-full depth Bank-full width; bank-full depth (mean and maximum)
Total large wood pieces/meter No. pieces/meter surveyed Total count of large wood pieces .1 m long and 0.1 m

in diameter; total length of stream surveyed
Total key pieces large wood/

meter
No. key pieces/meter surveyed Total count of key large wood pieces (key piece size

based on average channel bed width of stream sur-
veyed); total length of stream surveyed

Pools/kilometer No. pools/kilometer surveyed Total count of pools; total length of stream surveyed
Pool spacing (Length of stream surveyed/

channel bed width)/total
number of pools

Total length of stream surveyed; channel Bed width; To-
tal number of pools

Residual pool depth/channel
bed width

Average of all pool residual
depth/average channel bed
width

Residual pool depth 5 maximum pool depth-pool tail
depth; channel bed width (width of stream from bot-
tom of bank-full to bottom of bank-full)

d50b Median particle size Measure intermediate diameter of 100 pebbles
Pool length/meter Total pool length/total length of

stream surveyed
Sum of all pool lengths; total length of stream surveyed

a Dunne and Leopold (1978) Rosgen (1996).
b Wolman (1954).

we did not observe a strong correlation between
harvest status and the lengths of the stream sam-
ples. The mean sample length was 811 m and the
median 470 m.

In each sample reach, the physical habitat mea-
surements included all parameters that we used to
calculate the eight core variables. The selection of
these eight variables evolved from earlier moni-
toring efforts, including those in the Columbia
River basin (U.S. Forest Service 1994) and south-
east Alaska (U.S. Forest Service 1995). The eight
core variables were width-to-depth ratio, total
number of large wood pieces per meter, total key
large wood pieces per meter, pools per kilometer,
pool spacing, residual pool depth per channel bed
width, median bed particle size, and pool length
per meter (U.S. Forest Service 2001). The data
collected to determine values for each of these
variables are described in Table 2.

Stream reach samples were categorized accord-
ing to the southeast Alaska Channel Type Clas-
sification System, a hierarchical classification sys-
tem designed to manage the variation among
streams and stream reaches (Paustian 1992).
Stream reaches were separated into nine basic flu-
vial process groups according to such physical at-
tributes as channel gradient, channel pattern,
stream bank incision and containment, riparian
plant community, bank-full width, and dominant
substrate size (Paustian 1992). We collected data
in seven of the nine process groups: floodplain;
moderate-gradient mixed control; low-gradient
contained; moderate-gradient contained; high-gra-
dient contained; palustrine; and alluvial fan (see

Paustian 1992). Harvest status of each stream
reach was determined by the presence or absence
of timber harvest upstream or adjacent to the
stream reach sample, regardless of the age of the
harvest. All watersheds were harvested with high-
lead clear-cut logging between 1970 and 1990.

The final data set included 128 stream reach
samples. In none of the 128 samples were all eight
core habitat variables measured and recorded.
However, pools per kilometer and pool spacing
were recorded in 127 sample reaches; the total
number of key pieces of large wood per meter had
the fewest data (67 sample reaches). Samples sizes
varied considerably among process groups and
harvest status. High gradient contained, palustrine,
and alluvial fan stream reaches that had fewer than
five samples per process group and harvest status
were not tested. Low- and moderate-gradient con-
tained process groups were combined to form a
single contained process group (LC&MC). We
tested three process groups, floodplain, moderate-
gradient mixed control, and the LC&MC group.

Statistical analysis.—Stream reach samples
were sorted and grouped by process group and
watershed harvest status. We used box and whisker
plots to portray distributions by process group and
watershed harvest status. The ‘‘box lines’’ (hori-
zontal lines forming the box) indicate the 25th,
50th, and 75th percentiles; the ‘‘whisker lines’’
(horizontal lines outside the box) mark the 10th
and 90th percentiles; and the ‘‘1’’ symbol is the
arithmetic mean. When distributions were consis-
tently different from normal and variances be-
tween groups were not equal, we applied data
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FIGURE 1.—Box-and-whisker plots for eight core habitat measures observed for streams in harvested (H) and
nonharvested (N) watershed by process group. Abbreviations are as follows: d50, median bed particle size; FP,
floodplain; MC&LC, low-gradient contained and moderate-gradient contained combined; and MM, moderate-gra-
dient mixed control. See text for additional details.

transformations. In general, standard assumptions
for parametric statistical testing (i.e., normal dis-
tributions and homogeneous variances) appeared
to be better met by using either a square root or
logarithmic transformation—procedures common
in biological count data (Zar 1984). All habitat
variables were square root–transformed, except
pool spacing and median particle size were log-
transformed.

Because of the number of missing data points,
a simultaneous multivariate analysis on all re-
sponse variables was not feasible without dropping
a substantial portion of the data. Instead, we opted
to conduct a series of t-tests on each response var-
iable within process groups. The null hypothesis
of no difference between harvest and nonharvest
groups was tested against an alternate hypothesis,
a one-directional difference in the harvest groups.
The direction of the alternate hypothesis was de-
termined a priori, based on current scientific
knowledge regarding relationships between past
timber harvest practices and the fish habitat var-
iables. For example, timber harvest is expected to
increase the width-to-depth ratio of streams and
reduce the frequency of pools. All habitat variables
were tested for a decrease in the harvested group,
except width-to-depth ratio and pool spacing,
which were tested for an increase.

Testing for differences across all three process
groups-—floodplain, moderate-gradient mixed
control, and LC&MC—using an analysis of vari-
ance (ANOVA) framework would increase the sta-
tistical power of the hypothesis testing conducted
in this paper. The advantage of an ANOVA frame-
work is that information from all process groups
are used simultaneously in the statistical testing.
However, ANOVA requires independence among
samples and homogeneous variances among pro-
cess groups. Unfortunately, we could not meet
these assumptions with our data, because in some
instances stream reaches classified under different
process groups were subunits of the same stream.
Furthermore, the reach sample lengths varied con-
siderably by process group. This variation in the
size of the experimental unit (i.e., reach sample
lengths) among process groups could lead to sub-

stantial differences in estimates for the variation
within process groups.

Statistical power.—Sample size requirements
(n) were calculated with predetermined levels for
type I and type II error rates (a and b), sample
variation (s), and effect size (ma—mb) using sta-
tistical power equations (equation 1 obtained from
Zar 1984), that is,

2 2 2n 5 (t , 1 t , ) s /(m 2m ) ,a v b /v a b (1)

where ma2mb equals the difference between means
and ta,v1 tb,v are values for Student’s t at sample
sizes equal to v.

Cohen (1988) offers three categories for the ef-
fect size d: small, medium, and large. These cat-
egories are defined as 20, 50, and 80%, respec-
tively, of 1 standard deviation. We substituted Co-
hen’s effect size d 5 zma—mbz/s into equation (1)
to obtain equation (2):

2 2 2n 5 s (t , 1 t , ) /d .a v b v (2)

We used equation (2) to create a table of minimum
required sample sizes (n per group) associated with
various combinations of statistical power param-
eters (i.e., a 5 b and Cohen’s effect sizes).

Results

The overall variation of the measurements tends
to be large with respect to the mean (Figure 1).
The coefficients of variation (CV) range from 40%
to 80%. One-way statistical t-tests between har-
vested and nonharvested groups resulted in no sin-
gle t-test with a P-value lower than 0.05 (Table 3).
Differences were consistent among process
groups; for example, fewer pools and less LWD
were observed in harvested watersheds for all pro-
cess groups. P-values for many process groups
were 0.10 or less, including pools per kilometer
and residual pool depth to channel bed width in
the floodplain process group, total large woody
debris per meter in the mixed control process
group, and included median particle size and
width-to depth ratio for the LC&MC combined
process group. The tests of width-to-depth ratio
resulted in relatively low P-values for all process
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TABLE 3.—Results of t-tests for habitat variables by process group and harvest status. Habitat variables are abbreviated
as follows: WD, width-to-depth ratio; TLWD/M, total number of large wood pieces per meter; TKWD/M, total number
of key large wood pieces per meter; POOL/KM, number of pools per kilometer; PL SPC, pool spacing; RPD/CBW,
residual pool depth per channel bed width; d50, median bed particle size; and PLNGTH/M, pool length per meter. The
abbreviation NN stands for the number of samples in the nonharvested group, the abbreviation NH for the number of
samples in the harvested group. The direction of difference between harvest groups (Dir) is indicated by upward-
pointing (the value for the harvested group . that for the nonharvested group) and downward-pointing arrows (the
value for the harvested group , that for the nonharvested group). Asterisks indicate significance at the 0.10 level.

Habitat
variable Transformation Dir

Floodplain

NN NH P

Moderate-gradient
mixed control

NN NH P

Low-and moderate-
gradient contained

NN NH P

WD Square root ↑ 23 15 0.11 18 11 0.11 18 18 0.10*
TLWD/M Square root ↓ 16 17 0.39 11 9 0.07* 9 9 0.26
TKWD/M Square root ↓ 18 13 0.67 12 1 NA 10 4 0.32
POOL/KM Square root ↓ 25 19 0.06* 18 10 0.15 18 18 0.13
PL SPC Natural logarithm ↑ 25 19 0.93 18 10 0.68 18 18 0.14
RPD/CBW Square root ↓ 22 19 0.06* 13 10 0.15 17 17 0.27
d50 Natural logarithm ↓ 22 17 0.56 15 10 0.15 15 14 0.09*
PLNGTH/M Square root ↓ 16 12 0.78 13 10 0.39 17 15 0.91

TABLE 4.—Statistical power (1 2 b) for t-tests (one-way; a 5 0.05); 20, 50, and 80% are effect sizes expressed as
a percentage of one standard deviation. See Table 3 for habitat variable abbreviations.

Habitat variable

Floodplain

20% 50% 80%

Moderate-gradient control

20% 50% 80%

Mixed low- and moderate-
gradient contained

20% 50% 80%

WD 0.15 0.43 0.76 0.13 0.36 0.66 0.15 0.43 0.76
TLWD/M 0.14 0.40 0.72 0.11 0.29 0.53 0.16 0.25 0.46
TKWD/M 0.13 0.38 0.69 0.14 0.21 0.38
POOL/KM 0.16 0.50 0.83 0.13 0.34 0.63 0.15 0.43 0.76
PL SPC 0.16 0.50 0.83 0.13 0.34 0.63 0.15 0.43 0.76
RPD/CBW 0.15 0.46 0.80 0.12 0.31 0.57 0.14 0.42 0.74
d50 0.15 0.45 0.78 0.12 0.33 0.60 0.13 0.36 0.66
PLNGTH/M 0.13 0.36 0.66 0.12 0.31 0.57 0.14 0.40 0.72

groups, whereas pool length per meter resulted in
high P-values for all process groups.

The values in Table 4 show that there is rela-
tively low power for all variables at small and
medium effects sizes (20% and 50% of one stan-
dard deviation, respectively) for the statistical tests
in this study. The statistical power is low (b 5
0.15, 20% of one standard deviation) for width-
to-depth ratio in floodplain channels; therefore, a
difference will go undetected 85% of the time. At
an effect size of 80% of one standard deviation
the power of the statistical power is much higher
(b 5 0.76), but an effect will go undetected 24%
of the time. The results from equation (2) show
that we would need 542 samples to detect a dif-
ference at a 5 0.05 and b 5 0.05 for a small effect
size (Table 5). In some cases, the sample sizes
available with our data can detect differences for
large effects (80% of one standard deviation) at a
5 0.10, b 5 0.10. These are differences that Cohen
(1988) describes as grossly visible to the naked

eye. For our data, we need 16 samples for each
group to detect a medium effect, differences barely
visible to the naked eye at 50% of one standard
deviation (Cohen 1988) when a and b are equal
to 0.25 (Table 5).

Discussion

Although the differences that were observed be-
tween harvested and nonharvested watersheds
were not significant at a 5 0.05, the means for the
width-to-depth ratios were larger in the harvested
watersheds than in the nonharvested watersheds
for all process groups, and the means for total large
wood per meter were smaller in all harvested pro-
cess groups. Relatively low P-values observed for
the t-tests of the measurements of width-to-depth
ratio, total large wood per meter, pools per kilo-
meter, and residual pool depth indicate potential
differences in fish habitat resulting from timber
harvest. These differences concur with other stud-
ies that compare stream habitat in watersheds with
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TABLE 5.—Number of samples needed (per group) to
detect significant effects for type I errors (a) of 0.05, 0.10,
0.15, 0.20, and 0.25 and type II errors (b) of 0.05, 0.10,
0.15, 0.20, and 0.25 and effect sizes of 20, 50, and 80%.
The values in bold italics are the sample sizes observed in
this study.

Levels of a and b

Effect size

20% 50% 80%

(a 5 0.05, b 5 0.05) 542 88 35
(a 5 0.10, b 5 0.10) 330 54 22
(a 5 0.15, b 5 0.15) 216 35 14
(a 5 0.20, b 5 0.20) 143 24 10
(a 5 0.25, b 5 0.25) 92 16 7

timber harvest and without timber harvest. Mont-
gomery et al. (1995) and Ralph et al. (1994) found
fewer pools per kilometer and less large wood per
meter in harvested units than in nonharvested
units. Nonetheless, we found no single statistical
t-test with a P-value less than 0.05 (i.e., the null
hypothesis of no difference was not rejected).
However, if we are willing to increase our signif-
icance level to a 5 0.10, we would conclude sig-
nificant differences between management treat-
ments for pools per kilometer, and residual pool
depth per channel bed width in the floodplain pro-
cess group, total number of key pieces of large
wood per meter in the moderate-gradient mixed
control process group, and width-to-depth ratio
and median bed particle size in the combined
LC&MC process group (Table 5).

Two habitat measures (large wood and pool fre-
quency) examined in this study are of considerable
biological significance for juvenile salmonids.
Both were found to be lower in harvested water-
sheds. The low statistical power suggests our data
may not detect such effects if we maintain a type
I error rate of 0.05. Reed and Blaustein (1997)
point to considerable risk when type I error rates
are too strict. Furthermore, statistical significance
and biological significance are not necessarily the
same (Hayes and Steidl 1997). Biological signif-
icance may be of considerably more importance
than statistical significance with respect to poten-
tial risk, for example, detecting a biologically sig-
nificant decline in populations (Reed and Blaustein
1997). Ralph et al. (1994) and Montgomery et al.
(1995) provide corroborative evidence of loss of
large wood and pools in watersheds where riparian
timber has been removed. Considerable evidence
demonstrates that changes in both variables have
biologically significant effects on salmon popu-
lations (Bisson et al. 1987; Meehan and Bjornn
1991). Large wood in streams generally results in

habitats that support more juvenile salmonids and
provide increased survival rates during critical
points in their life cycle, such as during fall and
winter (Bryant 1985; Beechie and Sibley 1997;
Hauer et al. 1999; Solazzi et al. 2000; Roni and
Quinn 2001; Sharma and Hilborn 2001; Rosenfeld
and Huato 2003). Pools and pools with complex
habitat created by large wood support larger num-
bers of several stream-rearing salmonids, includ-
ing juvenile coho salmon, juvenile cutthroat trout,
and bull trout (Nass et al. 1996; Healy and Lon-
zarich 2000; Rosenfeld et al. 2000; Sharma and
Hilborn 2001).

Failure to reject the null hypothesis may lead
managers to the inappropriate conclusion that no
effect exists when two other important elements,
type II error rate and effect size, are not explicitly
discussed. Choosing values for type I and type II
error rates (a and b), sample variation (s), and
effect size (ma—mb) is important (Fairweather
1991; Downes et al. 2002). In many environmental
studies, data needed for estimating means and var-
iance in equation (1) often do not exist. In remote
areas such as southeast Alaska, obtaining these
data and determining costs associated with type I
and type II errors is difficult and expensive. In the
absence of any information on costs associated
with the type I and type II error rates, a traditional
science paradigm suggests a conservative alpha,
such as a 5 0.05, and a more liberal beta, such as
b 5 0.10 or b 5 0.20; however, Peterman (1990a)
argues that in the absence of any information on
costs, type I and type II errors should be treated
equally.

Peterman (1990b) illustrates one example of bi-
ological effects and the consequences of not con-
sidering type II error rates in his examination of
results in which Nickelson (1986) failed to reject
the hypothesis that the marine survival of coho
salmon was density-independent. Peterman (1989)
points out that the probability of a type II error
was at least 81%; therefore, hatchery managers
could not with any degree of certainty accept the
hypotheses that marine survival was density-in-
dependent. The results do not support a conclusion
that managers reasonably could expect more adult
coho salmon to result from an increased produc-
tion of hatchery-raised coho salmon smolt without
potential effects on natural populations. Other pro-
cesses and relationships may explain the results:
Marine upwelling, decadal ocean cycles, and
changes in ocean temperature suggest more strong-
ly the possibility of a density-dependent compo-
nent in marine survival (Nickelson 1986; Beamish
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et al. 1997; Welch et al. 1998a, 1998b). Certainly,
from a management perspective, it may pay to con-
sider giving beta at least the same weight as alpha,
because the costs of a type II error could prove
disastrous and lead to both short- and long-term
costs. As Fairweather (1991) points out: ‘‘a Type
2 (II) error would most probably lead to a hope-
lessly false sense of security while environmental
degradation continued until very extreme and un-
deniable damage became evident.’’

Defining a meaningful biological effect size for
fish habitat is challenging. Biological effect sizes
often are reported across a wide range of sizes.
For example, in their discussion of biological ef-
fects, Roper et al. (2002) estimated that differences
of 50% in their measurements of physical habitat
would be required before consequences of man-
agement could be measured. Meaningful effects,
or biological significance, can be defined in con-
trolled studies more easily than those normally en-
countered in monitoring programs. For example,
toxicity studies that determine lethal levels estab-
lish a basis for potential biological effects are rel-
atively straightforward and can be defined in terms
such as LD50 (that is, the concentration lethal to
50% of the organisms studied). Reed and Blaustein
(1997) discuss in considerable detail the problems
of assigning biological significance to the analysis
of population changes and population declines
specifically. They point out that an 80% decline
followed by 90% increase may not be biologically
significant, whereas a sustained smaller decline
(i.e., Cohen’s small effect) would be biological
significant if it led to extirpation of the population.
They conclude that in these cases that managers
and scientists will have to ‘‘work by consensus’’
to establish biological significance.

The ability to perceive differences provides a
starting point for the consensus suggested by Reed
and Blaustein (1997). The sample sizes available
in our study provide enough statistical power to
detect group differences that are grossly visible to
the naked eye (a 5 b 5 0.10; Table 5). However,
in most cases, the statistical power was insufficient
to detect large differences that could be easily per-
ceived. This is an indication that forest managers
and users may be seeing the changes on the
ground, but models or monitoring studies cannot
detect them—presenting a potential problem for
land managers and decision makers. We suggest
that sample size be scaled to effect size; in our
example we would recommend a sample size of
53 for each group to detect differences at a medium
effect size with a 5 0.10 and b 5 0.10.

The data we used for this analysis are represen-
tative of a large body of monitoring data collected
from forested watersheds throughout North Amer-
ica. In many cases, these studies apply a conser-
vative testing paradigm with a 5 0.05 without
discussion of either type II error rates or effect
sizes, leading to the false assumption that the null
hypothesis can be accepted when in fact all that
has occurred is a decision to set a high threshold
for significance. Most scientists recognize that not
rejecting the null hypothesis does not mean it
should be accepted and that failing to reject the
null hypothesis can be attributed to low sample
sizes and low statistical power combined with high
variation in measurements rather than to the ab-
sence of an effect. This is a particularly important
consideration in monitoring studies where the de-
sired outcome is often finding no effect. Accepting
the null hypothesis of ‘‘no effect’’ can have im-
portant and potentially costly consequences. An
important consideration in setting a is the risk of
making a type II error and the biological signifi-
cance and consequences that would follow. Yet,
determining risk and the best values for these pa-
rameters can be as much of a philosophical or po-
litical process as it is statistical (Millard 1987).
Nonetheless, all three—a, b, and effect size—de-
serve equal status in the development of monitor-
ing studies and the evaluation of their results.
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