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ABSTRACT

Changes over time in forest soils are important to global C balance
and to local ecosystem function. Detecting change in C storage in the
forest floor is hampered by high variability and the use of study
designs that are not adequate to statistically detect change. Using
estimates of variability from previous forest floor studies, mostly con-
ducted in the northern USA and Canada, we conducted statistical
power analyses to assess the ability of such studies to detect various
magnitudes of change in forest floor C. The studies we surveyed were
unable to detect statistically significant changes in forest floor C or
mass smaller than 15 to 20%. Studies that remeasure plots or sites
(i.e., paired designs) have greater statistical power to detect changes
than those in which experimental units are independently located for
the two sampling dates. The causal mechanisms of forest floor change
influence the magnitude of the change, and accordingly our ability
to detect such changes. The direct effects of climate change may be
too small to be detectable by current designs, but larger changes in
forest floor mass resulting from forest management, changes in tree
species, changes in fire regime, or the introduction of earthworms are
more likely to be detectable. With paired resampling and more effi-
cient allocation of sampling effort, it should be possible for future
studies to detect smaller changes.

THE FOREST FLOOR is comprised of litter (leaf, root,
and fine woody material) and partially decomposed
organic matter that accumulates above the mineral soil
in many forested ecosystems. Some forest floors also
contain substantial amounts of mineral particles that
are mixed from below by animals or other agents. The
wide diversity of structures, masses, and compositions
of forest floors suggested that they might hold the key
to understanding major features of forests, such as pro-
ductivity and sustainability. Early research focused on
how forest floors varied across landscapes in response
to climate factors, plant species composition, and man-
agement practices.

In recent decades, interest has developed in under-
standing and quantifying rates of change in these hori-
zons, not just the causes of variation from place to place.
This interest has been spurred by the need to estimate
rates of change in ecosystem C content, or net ecosystem
production (Roy et al., 2001). For example, Richter and
Markewitz (2001) documented that aggradation of the
forest floor (about 1 Mg ha™! yr!) accounted for about
20% of the net ecosystem production of a loblolly pine
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(Pinus taeda L.) plantation in South Carolina. Assessing
the rate of change in soil C is also fundamental for
quantifying belowground production in forests using
mass balance approaches. Belowground allocation of C
can be calculated from measured inputs, outputs, and
net change in storage in the soil (Raich and Nadelhoffer,
1989; Giardina and Ryan, 2002).

Detecting change in forest floors has proven to be
very challenging. Some of the difficulty in detecting
change is because of the spatial variation in forest floors
within stands, which can indeed be considerable due to
factors such as tip-up pits and mounds, local variation
in topography, and inputs of coarse woody debris that
vary greatly over time and space. Detecting change in
the forest floor over time is also limited by experimental
designs that were not optimized for this purpose.

The objectives of this report were to synthesize infor-
mation on forest floor masses and variability across a
variety of forest types in North America, to assess the
magnitude of change in forest floor C content that can
be detected using various experimental designs, and to
estimate the effort required to detect a specific change
in forest floor C. Finally, we considered the ecological
factors that cause changes in the forest floor, and the
likelihood of detecting changes of this magnitude.

STATISTICAL BACKGROUND
Detecting Change in Forest Floors

When monitoring change in forest floor C storage,
we commonly measure the same system at two points
in time and test whether the two populations are statisti-
cally different for the two dates. In the case of forest
floor measurements, we often discover that they are
not. When this happens, it is important to understand
the performance characteristics of the study design and
accompanying statistical tests. If the study design is inad-
equate, then reporting a failure to detect a statistical
difference tells us little; the mass may have changed
substantially, but the design was unable to detect it. On
the other hand, if a well-designed study fails to detect
change statistically, we are relatively confident that any
real change that might have occurred was small.

Power Analysis

Power is a key performance characteristic of the sta-
tistical tests used to evaluate change over time. Power
is defined as the probability of correctly rejecting a null
hypothesis of no change when in reality a change has
taken place (i.e., the probability of detecting a change,
such as an increase or decrease in soil C, as statistically
significant, if such a change has truly taken place). In
designing studies to detect changes in the forest floor,
power analysis allows us to choose an appropriate sam-
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pling scheme, and to judge whether the study is even
worthwhile to conduct given the magnitude of change
expected and the sampling resources available.

Power is determined by several factors, including
characteristics of the design protocol such as the type of
experimental unit (e.g., stand or plot), the experimental
design (i.e., paired versus independent samples for the
two sampling dates), and the number of samples; the sig-
nificance level chosen for the test and whether the alter-
native hypothesis is one-sided (for a directional change)
or two-sided (when the direction is not specified a pri-
ori); the variability of the attribute measured; and the
size of the effect or magnitude of change to be detected.
We will discuss the role of each of these factors in the
power analyses.

Experimental Unit

When evaluating change in forest floor C, the experi-
mental unit may be a stand, a plot within a stand (from
which multiple samples are taken), or a point location.
Evaluating change then involves statistical inference to
extrapolate or generalize from a sample of experimen-
tal units (i.e., replicates) to a population of experimental
units. Thus a study design in which the experimental unit
is the stand permits inference to a population of stands,
and a design in which the experimental unit is a plot
within a stand permits inference only to that stand. More
general inferences applicable to a larger spatial scale are
clearly derived from studies in which the experimental
unit is a stand. The study design typically includes sub-
sampling within the experimental units. For example, if
the experimental unit is a stand, several plots may be
sampled within each stand, and these plots may them-
selves be subsampled. The influence of subsampling on
variability is addressed in the Discussion section (below).

Experimental Design

The two experimental designs we address are inde-
pendent and paired. The samples for the two sampling
dates are regarded as independent if different experi-
mental units are measured each time. In a paired design,
the same experimental units are visited at both dates.
Pairing does not require the exact locations on the forest
floor to be revisited, but rather requires the same stand
or same plot to be measured at both times.

The variability affecting power to detect change de-
pends on the study design. For the independent design,
the variability among the experimental units of the mea-
sured soil attribute for each sampling date is the relevant
variation. We make the simplifying assumption that the
variance among experimental units remains the same
for the two time points. This assumption is required for
a pooled t-test, an analysis conducive to simple power
calculations. If variability is considerably different for
the two time points, the actual analysis may be a sepa-
rate variance t-test (Zar, 1996, p. 129), or a variance-
stabilizing transformation could be applied (e.g., square
root or logarithm) and the means compared on this
transformed scale. Power will differ slightly depending
on the analysis chosen, but the essential relationship of

power with sample size, variability, and magnitude of
change is captured by the power analyses derived for
the pooled t-test. When evaluating independent sam-
ples, the time interval can be any length because the
variability at the first sampling date is independent of
the variability at the second sampling date.

For the paired design, power is determined by the
variability among the differences calculated for each
pair of experimental units. The variability of the differ-
ences is specific to the length of time between sampling
dates. That is, if the paired data represent observations
10 yr apart, the measure of variability is specific to
evaluating power for a change over a 10-yr period. Data
observed 5 yr apart would not be expected to show the
same variability of differences as data 10 yr apart, even
when observing the same pairs of experimental units.

Statistical Analysis

The statistical analysis requires specification of the
null and alternative hypotheses and significance level
for the test. A one-sided alternative hypothesis is chosen
if change is expected in a certain direction (such as an
increase in forest floor C). Testing a one-sided alterna-
tive hypothesis is more powerful, but if ecological theory
does not dictate an a priori direction for the change, a
two-sided alternative hypothesis must be employed.

The significance level or « level of the test is the
probability of committing a Type I error. A Type I error
occurs when the null hypothesis is actually true, but
it is incorrectly rejected by the statistical test. Power
increases as the significance level a is increased. Conse-
quently, reducing the chance of a Type I error competes
with power, and a compromise choice must be sought.
Commonly suggested values for minimal acceptable
power range from 0.7 to 0.8 (Lenth, 2001), and the
traditional significance level chosen is a = 0.05. A study
designed to achieve power, for example, of 0.75 for a =
0.05 balances the need to avoid the undesirable effect
of the statistical test not detecting a change when one
has occurred (i.e., a Type II error) with the desire to
avoid a Type I error. The significance level is more
stringent than the power level because committing a
Type I error is viewed as the more egregious mistake.
That is, falsely claiming a change has occurred when in
fact it has not is more problematic than failing to detect
change when it has occurred. Excessive power repre-
sents inefficient use of experimental resources, with the
resources expended to gain the extra power better re-
allocated to address other research objectives.

MATERIALS AND METHODS
Survey of Forest Floor Studies

We used previous studies of the forest floor, mostly con-
ducted in the northern USA and Canada, to investigate power
to detect changes in forest floor C. We used studies with which
we were involved as investigators, studies published in the
literature, and studies reported to us by other investigators.
We found that published studies, including our own, often did
not report all the information required to make our analyses.
For example, we commonly pair samples, conduct a paired
t-test, and report its significance, but we rarely report the
standard error of the paired differences.
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A variety of experimental designs and sampling methods
were employed in these studies. Important variations include
the size of forest floor samples and the number of samples
collected. Samples are sometimes combined (composited) be-
fore analysis to produce a more representative sample or to
reduce the analytical load without reducing spatial coverage.
Some studies were conducted at a single site, while others
used multiple stands, sometimes of multiple forest types. For
studies that included treatments, we have focused on the un-
manipulated controls. The variability in these forest floors
may reflect past disturbance and forest management but not
the immediate post-treatment effects of fertilization, irriga-
tion, or burning.

Methods of collecting forest floor samples vary, and the
method can affect both the mean and the variance of C in
the forest floor. The common sampling protocol for forest
floor mass is destructive: a template is placed on the soil
surface, and the O horizon is removed for analysis. As a result,
soil measurements cannot be repeated exactly, unlike non-
destructive measures such as tree diameter. The boundary
between the forest floor and the underlying mineral horizon
may be defined at 20% organic C (Soil Survey Staff, 1975),
but this cutoff is difficult to determine in the field (Federer,
1982). Variation can be reduced by reporting the mass of the
forest floor as mass of organic matter or C per unit of area,
rather than as total mass. Because the organic matter concen-
tration in the mineral soil is low, errors introduced in the
identification of the boundary between the organic and min-
eral horizons are smaller for organic matter or C than for
mass (Federer et al., 1993).

It can be helpful, in some forest floors, to take blocks of a
size (commonly 15 cm on a side) that can be lifted, turned
over, and mineral soil removed from the bottom up with a
good view of horizons from the side. Top-down sampling tends
to collect less material, as in the quantitative pit method (Hun-
tington et al., 1988), which allows for quantification of coarse
fragments. The other common method is the use of a frame,
commonly 32 cm on a side, from which the forest floor is
removed from the top down. Taking larger samples has the
advantage of minimizing variation introduced by errors at the
edge. When comparing measurements made at different times,
it is important to be aware of the possible bias introduced
by changes in sampling methods. Sampling depth is clearly
important to the amount of forest floor collected. Other impor-
tant differences between sampling methods include the treat-
ment of rocks and the inclusion or exclusion of buried wood
and fine roots.

Statistical Methods

We calculated the magnitude of change that could be de-
tected given the actual sample size of the study and the pre-
dicted sample size required to detect a 20% change in the
mean, both assuming power of 0.75 and the given variability
and study design. Both analyses evaluate a null hypothesis of
no change in mean forest floor C versus a two-sided alternative
hypothesis of change in mean (either increase or decrease).
The significance level (o) chosen was 0.05. The magnitude of
change was expressed as percentage of change relative to the
mean for the first sampling date.

For the paired designs, power was based on a stand as the
experimental unit. For independent designs, either a stand or
a plot served as the experimental unit. For the independent
design calculations, variances were assumed equal for the two
sampling times. For those cases in which a plot was considered
the experimental unit, data for multiple stands of the same
forest type were often available. Rather than evaluate every

stand individually as a separate population, the within-stand
variability was computed for each stand, and the average stan-
dard deviation for all stands of that type was used in the power
analysis. That is, typical within-stand variability was used to
characterize all stands of the same type in a study.

The power analysis calculations derive from the formula
8 = (s/\/;) (tan + tg,), where 3 is the difference detected, s
is the standard deviation of the paired differences, n is the
number of pairs, #,, is the (1 — «/2) X 100 percentile of the
t-distribution (in the case of a two-tailed test), #5 , is the 100 X
(power) percentile of the t-distribution, « is the significance
level of the test, and v is the degrees of freedom (n — 1), and
B is 1 minus the power (Zar, 1996, p. 109). This equation can
be solved for n, the number of experimental units required
to detect a given 8. When analyzing power of an independent
design, we replace \n by V(n/2), s is the standard deviation
common to both sampling dates, and v is (2n — 2) where n
is now the number of experimental units for one sampling
date (Zar, 1996, p. 135). Power calculations were conducted
using version 13 of the MINITAB statistical program (MINI-
TAB, Inc., 2000). Power results from MINITAB were con-
firmed by comparison with worked examples in Zar (1996).

Relaxing the significance from 0.05 to 0.10 reduces the
calculated sampling effort. The sample size required to detect
a 20% change (or any other percentage of change for that
matter) using a = 0.10 reduces by about one quarter the
number of experimental units compared with « = 0.05. Simi-
larly, if a one-sided test could be justified, the number of
experimental units required to detect a given change would
be reduced by about one quarter compared with the two-sided
tests used here. Other combinations of power and significance
can be computed using the formula described above.

RESULTS
Forest Floor Studies Surveyed

A total of 21 studies were included in our survey,
with most in the north temperate zone, and a few from
tropical and boreal forests (Tables 1 to 3). The forest
floor organic mass and C content were highest in spruce
and fir forests, generally higher in northeastern than in
northwestern North America, and lower in the South
and in the tropics.

The forest floor sampling designs varied considerably
and we restricted our survey to quantitative studies us-
ing small blocks or frames. The size of forest floor blocks
collected ranged from 10 to 32 cm on a side; the area
of a sample thus varied by an order of magnitude, from
0.01 to 0.10 m% The number of samples collected also
varied widely. The fewest number of samples per experi-
mental unit was three to five for studies that had large
numbers of experimental units (three to 30 stands).
When a single stand was studied, the number of samples
collected ranged from 20 to 90.

Power Analyses: Case Studies

We first present two case studies to illustrate general
features of power to detect change in forest floor C.
The first case study employs a paired design to evaluate
change at a regional scale (i.e., for a population of
stands). The second case study is an unpaired design
aimed at detecting change within a single stand. In the
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Table 1. Change over time in paired observations of forest floors, with the magnitude of change required to be detectable at & = 0.05
with power = 0.75 and the sampling intensity required to detect a 20% change.

No. of
Forest floor organic mass experimental
Location N Sample size and units to
Sampling scheme Sampling date experimental Standard Detectable detect a 20%
Forest type First Second error change change Reference
kgm?— kg m™? %
New Hampshire Yanai et al. (1999)
100 cm? blocks, 10/sample,
5 samples/stand 6.12 6.53 13 stands 0.44 21 14
Northern hardwoods
Northeastern US regional study 5.31 4.92 30 stands 0.34 17 28 Friedland et al. (1992)
225 cm? blocks, 5/stand
Various forest types
Spruce-fir subset 7.98 7.63 7 stands 0.48 19 7
Northern hardwood subset 4.12 4.13 11 stands 1.13 81 146
Sicamous Creek, BC Graeme Hope,
225 cm? blocks, 6/plot, unpubl.
3 plots/stand 3.83 (mass) 3.51 (mass) 6 samples 0.57 49 26 BC Ministry of Forests
Spruce-fir
Brazil Stape (2002)
3 composite samples/plot 0.50 0.72 4 plots 0.14 122 105
Eucalyptus
Pepeekeo, HI Giardina and Ryan
1860 cm’ frame, 8/plot, (2002)
3 plots/treatment 0.14 0.31 6 plots 0.025 26 10

Eucalyptus saligna

first study, the experimental unit is a stand, and in the
second, the experimental unit is a plot.

In the first study, 30 stands were sampled across the
northeastern USA in 1980 and 1990, to measure changes
in Pb in the forest floor (Friedland et al., 1992). We
applied a power analysis to the repeated measurement
of forest floor mass in these stands. Since the same
stands were measured at two points in time, the analysis
applies to the paired differences. Figure 1 displays the
characteristic increase in power with both increasing
sample size and increasing percentage of detectable
change. At one extreme, power to detect a change of
10% is low unless the sample size exceeds 80. To detect
a 30% change, a sample of only 15 to 20 stands will yield
high power. The specific properties of the Friedland et
al. (1992) study design can be assessed from these
curves. In this study, with 30 experimental units and a
paired study design yielding the variability observed
(s = 1.862), a change of 17% would be detectable with
power = 0.75 for an a = 0.05 test. Alternatively, we
may frame the question in terms of sample size required
to detect a specified percentage of change at a given
level of power. For example, holding power at 0.75,
we would need approximately 28 experimental units
(stands) in the Friedland et al. (1992) study to detect a
change of 20%, but approximately 100 experimental
units to detect a change of 10%.

The efficacy of pairing is illustrated by treating this
same study as if the stands were not paired, but were
located independently in the two sampling efforts. The
among-stand variability used in the analysis was derived
by pooling the variability for the two sampling dates.
The number of experimental units required to detect a
specified percentage of change is displayed for power =
0.75 and o = 0.05 for both a paired design and an
independent sample design with stands serving as the
experimental units (Fig. 2). To cover the potential range
of variability for the paired design, power curves based

on three values for the variability of the paired differ-
ences are shown: the actual variability observed, and
variability derived from the upper and lower 95% confi-
dence intervals for the standard deviation of the paired
differences. Regardless of the level of variability as-
sessed, the paired design outperforms the independent
study design. For example, given a sample size of 30
experimental units, the detectable change with power
of 0.75 increases to 33% for the independent design
from 22.5% for the worst-case scenario of the paired
design (s = 2.405). To detect a change of 20%, the
paired design would require approximately 38 experi-
mental units based on the worst-case variance scenario,
whereas the independent design would require 80.
Our second case study applies power analysis to the
independent sample design for a single site (Fig. 3). In
the reference watershed at Hubbard Brook, 60 to 80
samples were collected from random locations at each
sampling date (Yanai et al., 1999). The site includes
considerable spatial variation, ranging from northern
hardwoods at low elevations to spruce-fir at high eleva-
tions. We used the variance at one point in time to
predict the change that would be detectable if a future
sample had the same variance and the same sampling
intensity. The three power curves represent three levels
of variability determined from the within-site standard
deviations for three different sampling dates. To illus-
trate the importance of variance in the calculation, we
note that the percentage of change detectable for a
sample of size 70 is 27% for the low standard deviation
(s = 4.03), 31% for the middle standard deviation (s =
4.66), and 42% for the high standard deviation (s =
6.27). To detect a change of 20% would require 219
samples, on average, and to detect a change <10%
would require more than 700 samples. Pairing individual
samples, or locating samples randomly within plots that
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Table 2. Forest floor organic mass within stands, with the magnitude of change required to be detectable at a = 0.05 with power =
0.75, and the sampling intensity (number of samples or plots) required to detect a 20% change, using the variation in the measurements
at one point in time (i.e., without pairing). For studies of multiple stands, this table shows the average of stands; Table 3 shows the
power analysis across stands.

Location Sample size and No. of obs. to
Sampling scheme Forest floor experimental Standard  Detectable detect a 20%
Forest type organic mass unit error change change Reference
kg m~? kg m™? %
Hubbard Brook Experimental Yanai et al. (1999)
Forest, NH, WS6
60-80 samples, 225 cm? blocks 6.5 61 samples 0.66 38 219
Northern hardwoods
New Hampshire, chronosequence
10 cm? blocks, 10 blocks/sample 6.32 5 samples 0.78 55 31
Northern hardwoods
Northeastern US Regional study Friedland et al. (1992)
225 cm? blocks, 5/stand 5.31 5 samples 0.81 64 41
All stands
Spruce-fir subset 7.98 5 samples 0.76 41 17
Northern hardwood subset 4.12 5 samples 0.86 84 77
Sicamous Creek, BC Graeme Hope, unpubl.
225 cm? blocks 6/plot, 3/stand 1.49 (O) 6 samples 0.21 57 41 BC Ministry of Forests
Spruce-fir
Brazil Stape (2002)
2500 cm?’ samples, 3-6/plot 0.51 4 plots 0.14 122 105
Eucalyptus, control (age 2)
control (age 5) 0.72 4 plots 0.09 56 23
Robinson Forest, KY, Single P.J. Kalisz, R.N.
Watershed Muller, personnal
1020 cm? blocks, 4 blocks/plot 1.06 90 plots 0.07 25 138 communication, 1986
Appalachian Hardwoods
Mt. Tremblant, QC Prescott et al. (1995)
225 cm? blocks, 10/plot, 2 plots 1.36 (C) 20 samples 0.34 95 435
Jack pine
Kananaskis Valley, AB Prescott et al. (1989)
900 cm? blocks, 40/site
Lodgepole pine 4.69 (mass) 40 samples 0.23 18 34
Pine-spruce 7.42 (mass) 40 samples 0.64 32 105
Spruce-fir 8.99 (mass) 40 samples 0.62 26 67
Skimikin, BC Thomas and Prescott
5 samples/plot (2000)
Birch 1.57 (mass) 3 plots 0.05 15 3
Douglas-fir 2.00 (mass) 3 plots 0.06 14 3
Pine 2.40 (mass) 3 plots 0.08 17 3
Washington and Oregon Prescott et al. (2000a)
225 cm? samples, 5 samples/site 3.73 (O) 5 samples 0.57 65 42
Douglas-fir, within stand
Vancouver Island Prescott et al. (2000b)
225 cm? samples, 3/plot, 2 plots/
site, 4 sites
Douglas-fir, within stand 3.22 2 plots 1.37 315 127
Western hemlock, within stand  3.59 2 plots 1.06 219 62
Sitka spruce, within stand 4.71 2 plots 1.71 268 93
Western red cedar, within stand ~ 5.89 2 plots 1.02 128 22
Toronto, ON France et al. (1989)
1000 cm? frame, 5/plot
White pine 3.68 3 plots 0.40 55 14
White spruce 1.62 3 plots 0.30 93 38
Paper birch 0.65 2 plots 0.03 34 3
Silver maple 0.24 2 plots 0.10 1500 120
Duke Forest, NC Schoch and Binkley
1000 cm? frame, 30/stand 1.89 30 samples 0.10 20 31 (1986)
Loblolly pine
Francis Marion National Forest, SC Binkley et al. (1992b)
1000 cm? frame, 5/plot 3.8 2 plots 0.71 138 26
Loblolly/Longleaf pine
Mt. Benson, BC Binkley (1983)
1000 cm? frame, 30/stand
Douglas-fir 0.7 30 samples 0.10 54 214
Red alder/Douglas-fir 3.36 30 samples 0.32 36 96
Skykomish, WA
1000 cm? frame, 10/stand
Douglas-fir 2.12 10 samples 0.26 48 54
Red alder/Douglas-fir 2.3 10 samples 0.83 142 452
Wind River, WA Binkley et al. (1992a)
1000 cm? frame, 30/stand
Douglas-fir 1.56 30 samples 0.12 29 63
Red alder/Douglas-fir 2.93 30 samples 0.33 43 134
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Table 2. Continued

Location Sample size and No. of obs. to
Sampling scheme Forest floor experimental Standard Detectable detect a 20%
Forest type organic mass unit error change change Reference
Pepeekeo, HI Giardina and Ryan
1000 cm? frame, 10/plot 0.4 6 plots 0.03 26 10 (2002)
Eucalyptus saligna
Puerto Rico D. Binkley and J.
1000 cm?’ frame, 5/plot Cortina, personal
Eucalyptus robusta 1.07 6 plots 0.15 58 42 communication, 1994
Casuarina equisetifolia 1.42 6 plots 0.18 53 35
Cassia sp. 0.95 6 plots 0.20 87 98
Albizia procera 1.17 6 plots 0.13 46 27
Lecaena leucocephala 0.71 12 plots 0.09 49 68

could be resampled over time, would presumably in-
crease power, but the variation over time in paired dif-
ferences was not available to make that calculation.

Power Analyses: General Survey

The results displayed in Tables 1 through 3 catalog
power of an assortment of previous studies over a range
of forest types, variability, and sampling schemes. The
two columns representing the power results are the per-
centage of detectable change, which is linked to the
specific sample size of the reported study, and the sam-
ple size required to detect a 20% change in mean forest
floor C, which is dependent on the variability of the
reported study. Both power-related calculations are de-
rived for an a of 0.05 and power of 0.75. The magnitude
of change that could be detected using current sampling
schemes ranged from about 15% to well over 100%
(Fig. 4). Table 1 shows results for a paired experimental
design using a stand as the experimental unit. Table 2

results are based on a plot (within stand) as the experi-
mental unit, with independent plots measured at the
two sampling dates. Table 3 displays results for stands
as the experimental units, but for the independent ex-
perimental design.

Tables 1 through 3 are intended for use as case study
information, and also to reinforce general relationships
between power and characteristics of the study. As case
study information, we could use the results to guide
design of a forthcoming study. By focusing on the forest
type, region, and sampling scheme, we could locate the
study most similar to the one being designed, and ap-
proximate the sample size needed to detect a certain
percentage of change (or conversely, the percentage
change that would be detectable with the planned sam-
ple size). When reading the tables for general features,
we recognize the same qualitative relationships avail-
able from Fig. 1 through 3. The percentage of change
detectable becomes smaller as the number of replicates

Table 3. Forest floor organic mass in studies of multiple stands, with the magnitude of change required to be detectable at & = 0.05
with power = 0.75, and the sampling intensity (number of stands) required to detect a 20% change, using the variation in the
measurements at one point in time (i.e., without pairing).

Location Sample size and No. of obs.
Sampling scheme Forest floor experimental Standard Detectable to detect a
Forest type organic mass unit error change 20% change Reference
kg m2 kg m? %
New Hampshire, chronosequence Yanai et al. (1999 corr)
100 cm? blocks, 10 blocks/sample 6.12 13 stands 0.45 28 26
Northern hardwoods
Northeastern US Regional study Friedland et al. (1992)
225 cm? blocks, 5/stand 5.31 30 stands 0.52 36 98
Spruce-fir and northern hardwoods
Spruce-fir subset 7.98 7 stands 0.53 27 12
Northern hardwood subset 4.12 11 stands 0.59 56 80
Loch Vale Watershed, CO Arthur and Fahey (1992)
256 cm? blocks, 8 blocks/stand 6.8 9 stands 14 82 134
Spruce-fir
Robinson Forest, KY, upper slopes Newman (2002)
729 cm? blocks, 6 blocks/stand 1.3 8 stands 0.4 123 264
Appalachian Hardwoods
Nantahala National Forest, NC Clinton et al. (1996)
1020 cm? blocks, 5/stand 14 (C) 3 stands 0.19 68 21
Washington and Oregon Prescott et al. (2000a)
225 cm? samples, 5 samples/site 3.73 (O) 9 sites 0.36 38 31
Douglas-fir
Vancouver Island Prescott et al. (2000b)
225 cm’ samples, 3/plot, 2 plots/site,
4 sites
Douglas-fir 3.22 4 sites 0.85 118 98
Western hemlock 3.59 4 sites 0.42 53 21
Sitka spruce 4.71 4 sites 0.81 77 43
Western red cedar 5.89 4 sites 0.74 56 23
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Fig. 1. Power to detect different magnitudes of change in forest floor
organic mass for various sample sizes, using the variance of paired

differences measured in a regional study of 30 stands (Friedland
et al., 1992).

(experimental units) increases and as variability de-
creases. The column showing sample size required to
detect a 20% change is the more general information
because it depends only on the variability of the particu-
lar study. Especially for Table 2, the percentage of de-
tectable change for a given study should be viewed with
the recognition that we are reporting results for plots
as experimental units, even though the study may have
been designed to use stands as experimental units. These
Table 2 results are still useful to characterize within-
stand variation, but we caution that detectable change
shown for some examples does not reflect the actual
study implemented. A final caution is that the standard
deviation is estimated poorly from small samples. In
such cases, results of the power calculations should be
regarded as rough approximations.

In almost all cases in which stands are used as the
experimental units, we would expect the experimental

100 ' ' '
\
\ )
Variance g
:‘g 80 \\ Independent —— High
g \ / ———Ebserved
Z 60K\ \ ]
o \\
i \
w 40
o]
o
Z 20+
Paired  Ttee o T T~ ]
0 ' ' i P
10 20 30 40 %0

Detectable Change (%)

Fig. 2. The sample size required to detect a given percentage of change
with power = 0.75. The three curves represent different levels of
variability derived from a regional study of 30 stands (Friedland
et al., 1992). The middle curve is based on the observed variance
of the paired differences, and the upper and lower curves are based
on the upper and lower bounds of the 95% confidence interval for
the standard deviation of the differences.
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Fig. 3. Power analysis of independent samples of a watershed at Hub-
bard Brook (Yanai et al., 1999). High, middle, and low values of
variance correspond to data collected in 1987, 1997, and 1982, re-
spectively.

design to be paired. A potential use of the Table 3
results would be for a meta-analysis type approach in
which results from multiple stands measured in unre-
lated studies would be combined to provide inference
to a population of stands. For example, suppose we were
able to assemble observations on forest floor C for 10
stands in 1990. In 2000, we assemble similar data from
12 stands, none being the same as the 1990 stands. As-
suming that the measurement protocols and stand char-
acteristics permit comparison, we could use these data
to test for a change in mean condition between 1990
and 2000 using the independent sample ¢-test. Because
of the wealth of good stand-specific data, such analyses
may be productive.

DISCUSSION

Factors Likely to Produce Change
in Forest Floors

We have focused thus far on the magnitude of change
in forest floor organic mass or C that can be detected in
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Fig. 4. Frequency distribution of detectable change in the 21 studies
we surveyed. There are more than 21 observations because some
studies were analyzed for both paired and independent designs,
or with both plots and stands as experimental units.
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various forest types using common sampling schemes.
The fact that the best study designs were able to detect a
difference of about 15 to 20% (Tables 1 to 3) is good news
if the changes we seek to detect are this large. On the
other hand, if it were important to detect smaller changes,
then designs commonly used in the past would be inade-
quate. Here we consider the magnitude of forest floor
change likely to result from fire, forest management,
climate change, species composition, and N fertilization,
to see whether these changes might be detectable.

Fire decreases forest floor mass, and the magnitude
of the decrease depends on the intensity of the burn.
Hot wildfires can consume much or most of the forest
floor organic matter, leaving only an ash residue on
top of mineral soil. Cooler fires (such as controlled,
prescribed fire) may burn only the litter layer (Oie or L
and F horizons), leaving the Oa (H) layer mostly un-
burned (Fisher and Binkley, 2000). Reported reductions
in forest floor organic matter range from around 15%,
which may be difficult to detect, to up to 100% (DeBano
et al., 1998), which would of course readily be detected.
Fire regime can be expected to change as a result of
changing climate (Neilson, 1993), but the likelihood of
widespread fire is difficult to predict. Similarly, an in-
crease in weather extremes could lead to disturbances
such as hurricanes, ice storms, and blow downs (New
England Regional Assessment Group, 2001), which
could increase forest floor mass, and potentially increase
mixing with underlying mineral soil.

The effect of forest management on the forest floor
has been well studied, especially for clear-cutting. Par-
tial cutting could be expected to cause smaller changes.
Large effects on forest floor C storage are possible, in
either direction (Johnson, 1992). Increases in forest
floor mass after logging range from 22 to 61% (Hen-
drickson et al., 1989; Mattson and Swank, 1989; Johnson
et al., 1985), presumably due to the incorporation of
logging residues left on site. Reported decreases in for-
est floor mass have ranged from 17 to 71% (Mattson
and Smith, 1993; Brais et al., 1995; Johnson et al., 1995),
probably due to disturbance from logging equipment
and the dragging of logs, which mix forest floor material
into the mineral soil (Martin, 1988; Ryan et al., 1992)
where it is no longer sampled as part of the forest floor.
Attributing all forest floor C losses after harvest to in-
creased decomposition rates (Sartz and Huttinger, 1950;
Trimble and Lull, 1956; Covington, 1981) may not be
appropriate (Yanai et al., 2003).

Increasing the productivity of northern forests
through N fertilization might lead to detectable in-
creases in forest floor mass if the increase in litter pro-
duction (Miller et al., 1976) were not offset by a similar
increase in decay rate. Forest floor mass increased by
10 to 26% in a Scots pine (Pinus sylvestris L.) forest
following N fertilization (Nohrstedt et al., 1989) and C
storage in the humus layer of Scots pine and Norway
spruce stands increased by 14 to 87% with repeated N
fertilization (Makipaa, 1995). Reductions in forest floor
microbial activity have often been reported in fertilized
forests (Agren et al., 2001). Although studies of the
effects of N fertilization on decay rates have been incon-
sistent (Prescott, 1995), there has been a trend toward

slower decomposition of high (>16%) lignin litters fol-
lowing N fertilization (Hunt et al., 1988; Magill and
Aber, 1998; Carreiro et al., 2000). Nitrogen fertilization
appears to increase the proportion of litter that becomes
humus and to slow humus decay in particular (Berg et
al., 1987; Berg and Eckbohm, 1991; Magill and Aber,
1998; Cotrufo et al., 2001), which would have a greater
influence on forest floor mass than would effects during
early stages of decay. Thus, fertilization of northern
coniferous forests may well result in a measurable in-
crease in forest floor mass.

Global warming could be expected to reduce forest
floor mass because of the strong influence of tempera-
ture on rates of litter decomposition. Several transect
experiments have shown that decomposition rates are
positively correlated with mean annual temperature
(Berg et al., 1998; Moore et al., 1999), and artificial
warming of litter layers has consistently resulted in in-
creased rates of CO, evolution and mass loss (Peterjohn
et al., 1993; Hobbie, 1996; Winkler et al., 1996). Forest
floors from cold sites appear to be most responsive,
with Q10 values >2 at temperatures <5°C (Kirschbaum,
1995; Niklinska et al., 1999; Bottner et al., 2000). These
responses to a step change in temperature may be short-
lived, however; longer incubations or comparisons along
natural temperature gradients indicate much smaller
responses to warmer temperatures (Giardina and Ryan,
2000). In addition, responses to temperature may be
limited if moisture or aeration is inadequate (Haynes,
1986).

These expected reductions in forest floor C as a result
of faster decay may be offset by increased rates of litter
input under changing climate. On a global basis, above-
ground litterfall mass is positively correlated with mean
annual temperature (Vogt et al., 1986), and increases in
litterfall can be expected with the increases in net pri-
mary production predicted under likely climate change
scenarios (VEMAP, 1995). In a meta-analysis of 32 eco-
systems worldwide (Rustad et al., 2001), a mean experi-
mental increase in soil temperature of 2.4°C resulted in
an average increase in aboveground plant productivity
of 19%, compared with an average increase in soil respi-
ration of 20%. Thus, although either effect alone could
be expected to produce a measurable effect on forest
floor mass, the combined effect of increased litter pro-
duction and increased decomposition rates might be un-
detectable.

Changes in species composition of forests could cause
considerable changes in forest floor masses. Shifts in
ranges of tree species have been predicted in response
to climate change (Ivarson and Prasad, 1998; Walther
et al., 2002). On a global scale there is a relationship
between climate (actual evapotranspiration) and the
quality (chemical and physical properties) of the litter
(Aerts, 1997); thus global warming could enhance decay
rates indirectly by promoting tree species with more
readily decomposable litter. Hobbie (1996) reported
larger differences in decay rates among different species
than within a species at elevated temperatures (4-10°C)
and concluded that both factors are important in con-
trolling decomposition rates. The magnitude of the ef-
fect of tree species alone can be surmised from the data
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for common garden experiments in Table 2. Compari-
sons of forest floor mass or C under different species
within a site ranged from 20 to 53% (Thomas and Pres-
cott, 2000), 12 to 83% (Prescott et al., 2000b), and 127
to 1433% (France et al., 1989); so many such differences
are readily detectable.

Increasing the proportion of broad-leaf species might
be expected to reduce forest floor mass, because of
higher litter quality and faster decay. However, the ini-
tial faster decay of broad leaves may be short-lived,
producing at least as much humus as needles (Berg and
Eckbohm, 1991; Berg et al., 1996; Prescott et al., 2001;
Giardina et al.,2001). Other generalizations about faster
nutrient cycling and the formation of mull humus follow-
ing conversion to broad-leaf forests may be largely un-
warranted (Binkley and Giardina, 1998). In the studies
we surveyed, examples can be found of greater (Binkley
et al., 1992a; Binkley, 1983) and lesser (France et al.,
1989; Thomas and Prescott, 2000) forest floor under
broad-leaf species (Table 2).

Changes in other species, such as earthworms, may
have subtle or profound effects on soil organic matter.
Depending on the species of earthworms and the quality
of the organic matter, earthworms may limit losses of
organic matter, modify the quality of organic matter, or
reduce organic matter by accelerating decomposition
(Hendrix, 1995; Lavelle, 1997). From the limited num-
ber of studies in forest systems, it appears that earth-
worms have great potential to reduce forest floor mass,
but not necessarily total soil C. A recent study con-
ducted in a mixed hardwood forest in central New York,
for example, found 90% less forest floor mass in plots
with worms than in those without (Bohlen et al., 2003).
Losses of C from the forest floor were accompanied by
increased C in the mineral soil, and should not be used
directly in accounting for total change in C storage.
Vimmerstedt and Finney (1973) found a dramatic loss
of humus in reforesting strip-mine spoils in the 2 yr
following introduction of earthworms. Again, these
losses reflect both decomposition and incorporation of
organic matter into the mineral soil. A longer-term
study in northern Minnesota followed forest floor and
soil Closses for 14 yr, during which earthworm numbers
increased dramatically from O at the beginning of the
study to nearly 600 m~2 (Alban and Berry, 1994). Forest
floor mass decreased by about 85%, and total soil C (to
a depth of 50 cm) decreased by 0.6 Mg ha! yr .. In
all of these studies the duration of the effect of newly
introduced earthworms is unknown. Experiments con-
ducted in tropical soils on various time scales have
shown that earthworms significantly reduced organic
matter in the short term, but in the long term they
reduced decomposition rates compared with soils with-
out earthworms (Martin, 1991). It is unknown to what
extent protection of organic matter by earthworms oper-
ates in temperate soils.

Designing Experiments for Detection of Change

Commonly, we are interested in questions about pop-
ulations of forest stands at broad scales. This suggests
that defining a stand as the experimental unit presents
the strongest case for inference. A change in mass for a

single forest or watershed cannot be easily extrapolated
with statistical confidence to other sites, although ex-
trapolations can be made by subjective inference or by
combining several single-site studies. When the experi-
mental unit is a stand, subsampling within each stand
will typically be necessary to estimate mean forest floor
C for the stand (i.e., the experimental unit value input
into the statistical test for change). The objective of
the subsampling (i.e., within stand) design is to ob-
tain the best estimate of this mean. A systematic sample
is the most efficient within-stand subsampling design
because it minimizes redundancy of information con-
tributed by neighboring locations by maximizing the
distance between sample locations. Rectangular grids
are most practical in a field setting, although less effi-
cient than triangular grids. Webster and Oliver (1990,
p. 272-273) concisely review these issues of subsampl-
ing efficiency.

For the paired design, the mean difference in forest
floor C is the stand measurement of interest. Because
we cannot sample exactly the same point locations for
the two sampling dates, the question arises of how to
locate the plots or points with the stand in the second
sample. Although it is not necessary to pair at the sub-
sample level, intuitively there would seem to be some
advantage to this because each individual subsample
would then be paired with a nearby location expected
to yield a similar response. Forming the subsample pairs
by locating the second subsample point as close as possi-
ble to the first point is a logical procedure. Judgment
may be invoked to rule out apparently different, though
spatially proximate locations. That is, there is no re-
quirement that the paired subsampling location be se-
lected at random, and there is good reason not to do
so if local heterogeneity is apparent.

The second major issue of subsampling within stands
is sample size. What is the optimal tradeoff between
number of experimental units (i.e., stands) and number
of subsampling locations within each stand? Standard
formulas provide the recommended allocation (e.g.,
Kuehl, 2000, Section 5.9). These formulas require esti-
mates for among-stand and within-stand variance, and
relative cost of obtaining an experimental unit versus a
subsample measurement. For the paired study design,
these variance components would be derived from dif-
ferences of paired locations at the stand level and within-
stand level. Reliable estimates of such variance compo-
nents are difficult to obtain. The studies shown in
Table 2 provide estimates for the among-stand compo-
nent for paired designs. Webster and Oliver (1990,
Chapter 13) present a detailed discussion relevant to
estimating variance components for subsamples at vari-
ous distances of separation. Further, they elucidate the
relationship between regionalized-variable theory and
nested sampling design by connecting information con-
tained in a variogram to components at different spatial
scales. In effect, if an appropriate variogram is estimated
for a location, the expected contribution of subsampling
variability can be approximated for a given spacing be-
tween the points of the systematic grid.

When the experimental unit is a stand, the mean of
the subsample, not the individual subsample values, is
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sufficient information for the statistical analysis. Conse-
quently, the effort allocated to sample processing and
analysis could be greatly reduced by compositing or
bulking samples within the experimental unit. This pro-
cedure is acceptable if the property measured is not
affected by disturbing and mixing the soil (Webster and
Oliver, 1990, p. 256-258). This permits greater replica-
tion of experimental units without significantly increas-
ing costs. Even with pairing, sample sizes were typically
too small in the studies we surveyed to detect changes
in means of less than about 20%. Therefore, any in-
crease in the number of experimental units would im-
prove the power to detect small differences.

Our emphasis has been on assessing change based on
the mean forest floor C. We note that future studies
may expand the analyses to focus on patterns of spatial
variability within stands (or other experimental units)
rather than just on the mean values. For example, if the
average forest floor mass of a stand increased by 20%
over a period of 20 yr, how was that increase distributed
across microsites of low or high initial mass of forest
floor? How did the pattern of increase relate to the
spatial pattern of the trees? We suggest that the full
spectrum of spatially explicit sampling designs be ex-
plored in future studies; small increases in sampling
effort may add new dimensions to the interpretations
of change over time.

ACKNOWLEDGMENTS

This paper was prepared for a symposium on approaches
and technologies for detecting changes in forest soil C pools
at the annual meeting of the Soil Science Society of America,
22 Oct. 2001. Eric Vance and Leandra Belvins helped to im-
prove the manuscript. Funding was provided by the NSF,
USDA-NRICGP, Andrew W. Mellon Foundation, and the
Heinz Family Foundation.

REFERENCES

Aerts, R.1997. Climate, leaf litter chemistry and leaf litter decomposi-
tion in terrestrial ecosystems: A triangular relationship. Oikos
79:439-449.

Agren, G.I., E. Bosatta, and A.M. Magill. 2001. Combining theory
and experiment to understand effects of inorganic nitrogen on litter
decomposition. Oecologia 128:94-98.

Alban, D.H., and E.C. Berry. 1994. Effects of earthworm invasion
on morphology, carbon, and nitrogen of a forest soil. Appl. Soil
Ecol. 1:243-249.

Arthur, M.A., and T.J. Fahey. 1992. Biomass and nutrients in an
Engelmann spruce-subalpine fir forest in north central Colorado:
Pools, annual production, and internal cycling. Can. J. For. Res.
22:315-325.

Berg, B., and G. Eckbohm. 1991. Reduction of decomposition rates
of Scots pine needle litter due to heavy-metal pollution. Water Air
Soil Pollut. 59:165-177.

Berg, B., G. Ekbohm, M. Johansson, C. McClaugherty, F. Rutlgliano,
and A. Virzo de Santo. 1996. Maximum decomposition limits of
forest litter types: A synthesis. Can. J. Bot. 74:659-672.

Berg, B., M. Johansson, V. Meentemeyer, and W. Kratz. 1998. Decom-
position of tree root litter in a climatic transect of coniferous forests
in northern Europe: A synthesis. Scand. J. For. Res. 13:402-412.

Berg, B., H. Staaf, and B. Wessen. 1987. Decomposition and nutrient
release in needle litter from nitrogen-fertilized Scots pine (Pinus
sylvestris) stands. Scand. J. For. Res. 2:399-415.

Binkley, D. 1983. Ecosystem production in Douglas-fir plantations:
Interaction of red alder and site fertility. For. Ecol. Manage. 5:
215-227.

Binkley, D., and C.P. Giardina. 1998. Why do trees affect soils in

temperate and tropical forests? The warp and woof of tree/soil
interactions. Biogeochemistry 42:89-106.

Binkley, D., D. Richter, M. David, and B. Caldwell. 1992b. Soil chemis-
try in a lobolly/longleaf pine forest with interval burning. Ecol.
Appl. 2:157-164.

Binkley, D., P. Sollins, R. Bell, D. Sachs, and D. Myrold. 1992a.
Biogeochemistry of adjacent conifer and alder/conifer ecosystems.
Ecology 73:2022-2034.

Bohlen, P.J., P.M. Groffman, T.J. Fahey and M.C. Fisk, and D.M.
Pelletier. 2003. Influence of invasive earthworms on soil organic
matter and nutrient retention in north temperate forests. Ecosys-
tems (in press).

Bottner, P., M.M. Couteaux, J.M. Anderson, B. Berg, G. Billes, T.
Bolger, H. Casabianca, J. Romanya, and P. Rovira. 2000. Decompo-
sition of 13C-labelled plant material in a European 65-40 latitudinal
transect of coniferous forest soils: Simulation of climate change by
translocation of soils. Soil Biol. Biochem. 32:527-543.

Brais, S.C., C. Camire, and D. Pare. 1995. Impacts of whole-trees
harvesting and winter windrowing on soil-pH and base status of
clayey sites of northwestern Quebec. Can. J. For. Res. 25:997-1007.

Carreiro, M.M., R.L. Sinsabaugh, D.A. Repert, and D.F. Parkhurst.
2000. Microbial enzyme shifts explain litter decay responses to
simulated nitrogen deposition. Ecology 81:2359-2365.

Clinton, B.D.,J.M. Vose, and W.T. Swank. 1996. Shifts in aboveground
and forest floor carbon and nitrogen pools after felling and burning
in the southern Appalachians. For. Sci. 42:431-441.

Cotrufo, M.F., P. Ineson, and D. Roberts. 2001. Decomposition of
birch leaf litters with varying C-to-N ratios. Soil Biol. Biochem.
27:1219-1221.

Covington, W.W. 1981. Changes in the forest floor organic matter
and nutrient content following clear cutting in northern hardwoods.
Ecology 62:41-48.

DeBano, L.F., D.G. Neary, and P.F. Folliott. 1998. Fire’s effects on
ecosystems. John Wiley and Sons, Inc., New York.

Federer, C.A. 1982. Subjectivity in the separation of organic horizons
of the forest floor. Soil Sci. Soc. Am. J. 46:1090-1093.

Federer, C.A., D.E. Turcotte, and C.T. Smith. 1993. The organic
fraction-bulk density relationship and the expression of nutrient
content in forest soils. Can. J. For. Res. 23:1026-1032.

Fisher, R.F., and D. Binkley. 2000. Ecology and management of forest
soils. Wiley, New York.

France, E.A., D. Binkley, and D. Valentine. 1989. Soil Chemistry
changes after 27 years under four tree species in southern Ontario.
Can. J. For. Res. 19:1648-1650.

Friedland, A.J., B.W. Craig, E.K. Miller, G.T. Herrick, T.G. Siccama,
and A.H. Johnson. 1992. Decreasing lead levels in the forest floor
of the northeastern USA. Ambio 21:400-403.

Giardina, C.P., and M.G. Ryan. 2000. Evidence that decomposition
rates of organic carbon in mineral soil do not vary with temperature.
Nature 404:858-861.

Giardina, C.P., and M.G. Ryan. 2002. Total belowground carbon
allocation in a fast growing Eucalyptus plantation estimated using
a carbon balance approach. Ecosystems 5:487-499.

Giardina, C.P., M. Ryan, R. Hubbard, and D. Binkley. 2001. Tree
species effects and soil textural controls on carbon and nitrogen
mineralization rates. Soil Sci. Soc. Am. J. 65:1272-1279.

Giardina, C.P., S. Huffman, D. Binkley, and B. Caldwell. 1995. Alders
increase phosphorus supply in a Douglas-fir plantation. Can. J.
For. Res. 25:1652-1657.

Haynes, R.J. 1986. Mineral nitrogen in the plant-soil system. Academic
Press, Toronto.

Hendrickson, O.Q., L. Chatarpaul, and D. Burgess. 1989. Nutrient
cycling following whole-tree and conventional harvest in northern
mixed forest. Can. J. For. Res. 19:725-735.

Hendrix, P.F. 1995. Earthworm ecology and biogeography. CRC
Press, Boca Raton, FL.

Hobbie, S.E. 1996. Temperature and plant species control over litter
decomposition in Alaskan tundra. Ecol. Monogr. 66:503-522.
Hunt, HW., E.R. Ingham, D.C. Coleman, E.T. Elliot, and C.P.P.
Reid. 1988. Nitrogen limitation of production and decomposition in
prairie, mountain meadow and pine forest. Ecology 69:1009-1016.

Huntington, T.G., D.F. Ryan, and S.P. Hamburg. 1988. Estimating
soil nitrogen and carbon pools in a northern hardwood forest eco-
system. Soil Sci. Soc. Am. J. 52:1162-1167.

Ivarson, L.R., and A.M. Prasad. 1998. Predicting abundance of 80
tress species following climate change in the eastern United States.
Ecol. Monogr. 68:465-485.



YANAI ET AL.: DETECTING CHANGE IN FOREST FLOOR CARBON 1593

Johnson, C.E., C.T. Driscoll, T.J. Fahey, T.G. Siccama, and J.W.
Hughes. 1995. Carbon dynamics following clear-cutting of a north-
ern hardwood forest. p. 463-488. In W.W. McFee and J.M. Kelly
(ed.) Carbon forms and functions in forest soils. SSSA, Madi-
son, WI.

Johnson, D.W. 1992. Effects of forest management on soil carbon
storage. Water Air Soil Pollut. 64:83-120.

Johnson, J.E., D.W. Smith, and J.A. Burger. 1985. Effects on the
forest floor of whole-tree harvesting in an Appalachian oak forest.
Am. Midl. Nat. 114:51-61.

Kirschbaum, M.U.F. 1995. The temperature dependence of soil or-
ganic matter decomposition, and the effect of global warming on
soil organic C storage. Soil Biol. Biochem. 27:753-760.

Kuehl, R.O. 2000. Design of experiments: Statistical principles of
research design and analysis (2nd ed.) Duxbury Press, Pacific
Grove, CA.

Lavelle, P. 1997. Faunal activities and soil processes: Adaptive strate-
gies that determine ecosystem function. Adv. Ecol. Res. 27:93-127.

Lenth, R.V. 2001. Some practical guidelines for effective sample size
determination. Am. Stat. 55:187-193.

Magill, A.H., and J.D. Aber. 1998. Long-term effects of experimental
nitrogen additions on foliar litter decay and humus formation in
forest ecosystems. Plant Soil 203:301-311.

Makipaa, R. 1995. Effect of nitrogen input on carbon accumulation
of boreal forest soils and ground vegetation. For. Ecol. Manage.
79:217-226.

Martin, A. 1991. Short-term and long-term effect of the endoge ice
earthworm Millsonia anomala (Omodeo) (Megascolecidae, Oligo-
chaeta) of a tropoical savanna, on soil organic matter. Biol. Fertil.
Soils 11:234-238.

Martin, C.W. 1988. Soil disturbance by logging in New England—
Review and management recommendations. Northern J. Applied
For. 5:30-34.

Mattson, K.G., and H.C. Smith. 1993. Detrital organic matter and soil
CO2 efflux in forests regenerating from cutting in West Virginia.
Soil Biol. Biochem. 25:1241-1248.

Mattson, K.G., and W.T. Swank. 1989. Soil and detrital carbon dynam-
ics following forest cutting in the Southern Appalachians. Biol.
Fertil. Soils 7:247-253.

Miller, H.G., J.M. Cooper, and J.D. Miller. 1976. Effect of nitrogen
supply on nutrients in litter fall and crown leaching in a stand of
Corsican pine. J. Appl. Ecol. 13:233-248.

Moore, T.R., J.A. Trofymow, B. Taylor, C. Prescott, C. Camire, L.
Duschene, J. Fyles, L. Kozak, M. Kranabetter, I. Morrison, M.
Siltanen, S. Smith, B. Titus, S. Visser, R. Wein, and S. Zoltai. 1999.
Litter decomposition rates in Canadian forests. Global Change
Biology 5:75-82.

MINITAB, Inc. 2000. MINITAB user’s guide 2: Data analysis and
quality tools. Release 13. MINITAB, Inc., State College, PA.
Neilson, R.P. 1993. Transient ecotone response to climatic change:

Some conceptual and modeling approaches. Ecol. Appl. 3:385-395.

New England Regional Assessment Group. 2001. Preparing for Cli-
mate Change: The Potential Consequences of Climate Variability
and Change. New England Regional Overview, U.S. Global Change
Research Program. University of New Hampshire, Durham.

Newman, G.S. 2002. Net primary productivity of mesic and xeric
deciduous forest stands in southeastern Kentucky. MS Thesis. Uni-
versity of Kentucky, Lexington.

Niklinska, M., M. Maryanski, and R. Laskowski. 1999. Effect of tem-
perature on humus respiration rate and nitrogen mineralization:
Implications for global climate change. Biogeochemistry 44:239-257.

Nohrstedt, H.O., K. Arnebrant, and E. Baath. 1989. Changes in carbon
content, respiration, ATP content, and microbial biomass in nitro-
gen-fertilized pine forest soil in Sweden. Can. J. For. Res. 19:
323-328.

Peterjohn, W.T., J.M. Melillo, F.P. Bowles, and P.A. Steudler. 1993.
Soil warming and trace gas fluxes: An experimental design and
preliminary flux results. Oecologia 93:18-24.

Prescott, C.E. 1995. Does nitrogen availability control rates of litter
decomposition in forests? Plant Soil 168-169:83-88.

Prescott, C.E., H.N. Chappell, and L. Vesterdal. 2000a. Nitrogen cy-
cling in coastal Douglas-fir forests along a gradient in soil nitrogen
capital. Ecology 81:1878-1886.

Prescott, C.E., J.P. Corbin, and D. Parkinson. 1989. Input, accumula-
tion, and residence times of carbon, nitrogen, and phosphorus in
four Rocky Mountain coniferous forests. Canada J. Forest Res.
19:489-498.

Prescott, C.E., B.E. Kischuk, and G.F. Weetman. 1995. Long-term
effects of repeated N fertilization and straw application in a jack
pine forest. 3. Nitrogen availability in the forest floor. Can. J. For.
Res. 25:1991-1996.

Prescott, C.E., L. Vesterdal, J. Pratt, K.H. Venner, L.M. de Montigny,
and J.A. Trofymow. 2000b. Nutrient concentrations and nitrogen
mineralization in forest floors of single species conifer plantations
in coastal British Columbia. Can. J. For. Res. 30:1341-1352.

Prescott, C.E., L.M. Zabek, C.L. Staley, and R.D. Kabzems. 2001.
Decomposition of broadleaf and needle litter in forests of British
Columbia: Influences of litter type, forest type and litter mixtures.
Can. J. For. Res. 30:1742-1750.

Raich, J.W., and K.J. Nadelhoffer. 1989. Belowground carbon alloca-
tion in forest ecosystems: Global trends. Ecology 70:1346-1354.
Richter, D.D., and D. Markewitz. 2001. Understanding Soil Change—
Soil Sustainability over Millennia, Centuries, and Decades. Cam-

bridge University Press, Cambridge.

Roy,J., B. Saugier, and H.A. Mooney. 2001. Terrestrial global produc-
tivity. Academic Press, San Diego, CA.

Rustad, L.E., J.L. Campbell, G.M. Marion, R.J. Norby, M.J. Mitchell,
A.E. Hartley, J.H.C. Cornelissen, and J. Gurevitch. 2001. A meta-
analysis of the response of soil respiration, net nitrogen mineraliza-
tion, and aboveground plant growth to experimental ecosystem
warming. Oecologia 126:543-562.

Ryan, D.F., T.G. Huntington, and C.W. Martin. 1992. Redistribution
of soil nitrogen, carbon, and organic matter by mechanical distur-
bance during whole-tree harvesting in northern hardwoods. For.
Ecol. Manage. 49:87-99.

Sartz, R.S., and W.D. Huttinger. 1950. Some factors affecting humus
development in the Northeast. J. For. 48:341-344.

Schoch, P., and D. Binkley. 1986. Prescribed burning increased nitro-
gen availability in a mature loblolly pine stand. For. Ecol. Man-
age. 14:13-22.

Soil Survey Staff. 1975. Soil taxonomy. USDA Agric. Handb. 436.
U.S. Gov. Print. Office, Washington, DC.

Stape, J.L. 2002. Production ecology of clonal Eucalyptus plantations
in northeastern Brazil. Ph.D. dissertation, Colorado State Univer-
sity, Ft. Collins.

Thomas, K.D., and C.E. Prescott. 2000. Nitrogen availability in forest
floors of three tree species on the same site: The role of litter qual-
ity. Can. J. For. Res. 30:1698-1706.

Trimble, G.R., and H.W. Lull. 1956. The role of forest humus in
watershed management in New England. USDA Forest Service,
Northeastern Forest Experiment Station, Station Paper 85. USDA
Forest Service, Northeastern Forest Experiment Station, Upper
Darby, PA.

VEMAP members. 1995. Vegetation/ecosystem modeling and analysis
project (VEMAP): Comparing biogeography and biogeochemistry
models in a continental-scale study of terrestrial ecosystem re-
sponse to climate change and CO2 doubling. Global Biogeochem.
Cycles 9:407-437.

Vimmerstedt, J.P., and J.H. Finney. 1973. Impact of earthworm intro-
duction on litter burial and nutrient distribution in Ohio strip-mine
spoil banks. Soil Sci. Soc. Am. Proc. 37: 388-391.

Vogt, K.A., C.C. Grier, and D.J. Vogt. 1986. Production, turnover,
and nutrient dynamics of above- and belowground detritus of world
forests. Adv. Ecol. Res. 15:303-377.

Walther, G.-R., E. Post, P. Convey, A. Menzel, C. Parmesan, T.J.C.
Beebee, J.-M. Fromentin, O. Hoegh-Guldberg, and F. Bairlein.
2002. Ecological responses to recent climate change. Nature 416:
389-394.

Webster, R., and M.A. Oliver. 1990. Statistical methods in soil and
land resource survey. Oxford University Press, New York.

Winkler, J.P., R.S. Cherry, and W.H. Schlesinger. 1996. The Q10
relationship of microbial respiration in a temperate forest soil. Soil
Biol. Biochem. 28:1067-1072.

Yanai, R.D., W.S. Currie, and C.L. Goodale. 2003. Soil carbon dynam-
ics following forest harvest: An ecosystem paradigm reviewed. Eco-
systems in press.

Yanai, R.D., T.G Siccama, M.A. Arthur, C.A. Federer, and A.J.
Friedland. 1999. Accumulation and depletion of base cations in
forest floors in the northeastern US. Ecology 80:2774-2787.

Zar, J.H. 1996. Biostatistical analysis (3rd ed.). Prentice Hall, Upper
Saddle River, NJ.



