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Long-term trends in forest attributes are typically assessed using strategic inventories such as the US Department
of Agriculture (USDA) Forest Service's Forest Inventory and Analysis (FIA) program. The implicit assumption of
any trend analysis is that data are comparable over time. The 1998 Farm Bill tasked FIA with implementing
nationally consistent protocols, incuding a spatially and temporally balanced sample design, whereas previous
inventory methods varied spafially and temporally. To disentangle the artifacts of changing inventory designs
from real forest change, this study assessed trends at plots that were measured both before and after
implementation of the new inventory design in eight western states. Changes in live and dead tree volume,
growth, and mortality were evaluated using only colocated plots and then compared with changes observed
across entire inventories. The results sometimes differ in magnitude or are even contradiciory, demonstrating
that historical forest inventories may provide an incomplete picture of reference conditions in some western

states.
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ong-term trends in forest attributes

I are typically assessed using strategic
resource inventories such as the US
Department of Agriculture (USDA) Forest
Service’s Forest Inventory and Analysis
(FIA) program. FIA data are used to assess
overall forestland area; stand conditions
such as forest type and stand age; wildlife
habitat; tree growth, mortality, and remov-
als; and standing wood volume, biomass,
and carbon. FIA data serve not only as a
snapshot of the current resource status but
also as a source of data for long-term moni-
toring and trend analysis (Gillespie 1999).
After passage of the 1998 Farm Bill, the FIA

program implemented an annualized inven-
tory, which was designed to be nationally
consistent as well as spatially and temporally
unbiased with respect to forest types and
landownership groups (Bechtold and Patter-
son 2005). Within each state of the cotermi-
nous United States, permanent fixed-radius
plots form a systematic sample grid that in-
tersects all forest types and ownership
groups in proportion to their abundance.
This design is referred to as the “annual”
inventory because a constant proportion of
the plot grid is measured each year, and each
year’s sample is spatially dispersed across the
landscape. Estimates of forest attributes are
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calculated at a variety of spatial scales based
on standardized sampling and analysis pro-
cedures (Bechtold and Patterson 2005).
The annual inventory design replaced
the spatially, temporally, and methodologi-
cally inconsistent forest inventories of the
1990s and earlier. Before the implementa-
tion of the current annual inventory design,
FIA conducted inventories approximately
every 10 years on a state-by-state basis
(Frayer and Furnival 1999). Because these
inventories occurred periodically rather than
annually, they are referred to as periodic in-
ventories. In the western United States, spe-
cific measurement years and protocols varied
among states and were described in periodi-
cally published state reports. To assess tem-
poral changes in forest attributes, users of
FIA data often attempt to compare the esti-
mates produced during the current annual
inventories with those from eatlier invento-
ries, particularly from the last periodic in-
ventory of the 1990s. However, the most
recent periodic inventory reports in some
western states were published in the late
1980s or early 1990s, so the methods and
definitions used in the 1990s were not al-
ways well documented. The best available
information about periodic inventory proto-
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cols in the 1990s comes from three pub-
lished reports based on data collected in that
decade in Arizona (O’Brien 2002), New
Mexico (O’Brien 2003), and Wyoming
(Thompson et al. 2005), periodic inventory
field manuals, maps showing periodic plot
locations, and historical information that
was included in the first annual inventory
reports for Idaho (Wittetal. 2012) and New
Mexico (Goeking et al. 2014).

The implicit assumption of any trend
analysis is that the data are comparable over
time, so the change in inventory designs
raises the question: How comparable are es-
timates of forest attributes produced by his-
toric forest inventories to those of the cur-
rent inventory? In the Interior West region
of the United States, specific differences re-
garding inventory methods call their compa-
rability into question. The earliest estimates
of forestland area relied on stand delinea-
tions from aerial photographs, whereas vol-
ume estimates were based on ground plots;
over the next few decades, ground plots
gradually became the standard basis for all
estimates (Frayer and Furnival 1999). As
ground plots were implemented, the distri-
bution of plot locations often targeted spe-
cific forest types and/or ownership groups,
or the intensity of the sample varied by forest
type or ownership (Frayer and Furnival
1999). Plot configurations also changed
over time: the current annual inventory’s
fixed-radius plot design replaced the vari-
able-radius plots that were predominant in
the periodic inventory era, and this change
in plot design has the potential to affect es-
timates such as forest area (Azuma and Mon-
leon 2011). However, the effects of most of
these changes were accommodated within a
framework of appropriate expansion factors
and stratification schemes.

Other changes in inventory protocols
have not been accommodated within FIA’s
estimation procedures and are therefore
likely to produce discrepancies in broad-
scale estimates of attributes such as total for-
estland area and tree volume. These include
omission of specific forest types and/or own-
ership groups as well as definitional incon-
sistencies. Although proper implementation
of stratification can minimize the effects of
under- or oversampling of certain subpopu-
lations, they cannot adjust for subpopula-
tions that are completely omitted from the
inventory. Therefore, in states where such
omissions occurred, statewide estimates
based on periodic inventory data assume
that forest trends in sampled areas are repre-
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sentative of forest trends in nonsampled ar-
eas, and this may not be a realistic assump-
tion. For example, in Idaho, post-1993
inventories consisted almost entirely of Na-
tional Forest System lands, where each Na-
tional Forest was responsible for its own in-
ventory (Witt et al. 2012; Figure 1). Some
national forests included reserved lands
(e.g., the Selway-Bitterroot Wilderness),
whereas others did not (e.g., the Frank
Church-River of No Return Wilderness).
Large areas of some national forests were not
sampled at all (e.g., the Payette and Targhee
National Forests). In contrast, Arizona’s and
New Mexico’s inventories in the 1990s in-
cluded all reserved lands, most national for-
estlands, some tribal lands, and all timber
forest types regardless of owner; however,
woodland forest types outside of national
forests were excluded (O’Brien 2002, 2003).
In the Interior West, woodland tree species
and forest types are defined by FIA as those
that are typically not capable of producing
industrial wood products, which is presum-
ably related to their omission from some in-
ventories, and they are characterized by tree
species that exhibit highly variable growth
forms, e.g., Pinus edulis and Juniperus spp.
(Goeking et al. 2014). Because the annual
inventory samples all reserved statuses, own-
ership groups, and forest types in proportion
to their actual occurrence, the population of
interest is more comprehensive than that of
the periodic inventories.

Definitional inconsistencies between
the two inventories include the definitions
of “forest” and “tree.” During the periodic
inventories, forestland was defined by hav-
ing at least 5% tree canopy cover of a tally tree
species, where cover was treated as a surrogate
for stocking. In contrast, the annual inventory
uses a 10% canopy cover definition. As late as
the 1990s, forest surveys in the eight Interior
West states also differentiated between tree-
form and shrub-form individuals rather than
using a strict species-based definition, where
shrub-form trees of tally tree species were not
measured. For example, junipers (Juniperus
spp.) that were less than 6 ft tall and were not
expected to eventually produce a straight, 8-ft
trunk section were not considered to be trees
and were not measured (USDA Forest Service
1999). In contrast, the annual inventory de-
fines trees strictly based on species. Therefore,
many woodland plots in the current annual
inventory would not have been measured un-
der previous definitions.

Although periodic inventories were not
designed to be completely representative of
all forests, or they used definitions different
from those of the current annual inventory,
they nonetheless represent the best available
information about historical conditions.
State-level estimates are publicly available
not only in FIA’s state reports but also in
national Resource Planning Act (RPA) doc-
uments and online data analysis tools (e.g.,

FIDO and EVALIDator). Periodic esti-

Management and Policy Implications

Forest managers and policymakers often rely on forest inventory data collected and compiled by the Forest
Inventory and Analysis (FIA) program to provide information about changes in forest attributes such as
forestland area and forest volume. FIA's historical data include detailed plot-level measurements rather
than broad-scale paper maps, so it is tempting to analyze change in greater detail than is somefimes
appropriate. Use of FIA data from different time periods assumes that inventory methods were consistent
over time, yet in the US Interior West, this assumption is not always realistic. After FIA began
implementation of its annual inventory protocol in 2000, the definifions, sample designs, field protocols,
and estimation procedures differed from those of the previous periodic inventories. Therefore, FIA cautions
users against making comparisons between periodic and annual inventory estimates without accounting
for differences in protocol. An example of an appropriate comparison is to evaluate forest attributes per
unit area, as measured only on plots that were surveyed during both the periodic and annual inventories.
In contrast, comparisons based on entire inventories may show changes in volume, growth, and mortality
that differ in magnitude and somefimes in direction (gain or loss) from comparisons based only on plots
surveyed at both fime periods. These discrepancies illustrate that FIA's periodic inventory data may not
provide an accurate historical baseline for detecting future forest change across broad scales. Use of
periodic data sets to analyze change is worthwhile only if appropriate care is taken as outlined in this
study, along with the caveat that some forest types or other subpopulations may be underrepresented or
missing. With the assumption that FIA protocols remain consistent, the current annual inventory design
should allow analysis of change in considerably more detail once sufficient repeated measurements are
available, which in most western states will be between 2015 and 2020.
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Figure 1. Forest plots sampled by FIA along the Ida
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(leff) and annual (right) inventories. Areas outlined in yellow highlight forest areas that were
not sampled during the periodic inventory, including state and private timberlands near
Headquarters, ID, and the Payette National Forest surrounding Warren, ID. Plot locations

are approximate.
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Figure 2. Geographic distribution of all plots from the periodic inventory (1993-2002) (A),
the annual inventory (2003-2012) (B), and colocated plots measured during both invento-

ries (C). Plot locations are approximate.

mates from these sources are sometimes used
as a historical baseline and then compared
with current estimates (e.g., US Environ-
mental Protection Agency 2013). However,
because of differences among inventory pro-
cedures and sample designs, such compari-
sons may produce misleading results. In-
deed, Heath et al. (2011) suggested that
apparent fluxes in forest carbon in specific
western states may reflect changing inven-
tory designs rather than actual forest trends.

The purpose of this study is to clarify
forest trends that occurred in eight western
states over the past two decades, spanning

the implementation of FIA’s annual forest
inventory. This analysis focuses on three at-
tributes of interest to forest managers: tree
net volume (both live and dead), mortality,
and net growth, all on a per acre basis. Actual
trends are identified by comparing only data
from stands that were surveyed in two inven-
tories: the most recent periodic inventories
of the 1990s and the recent annual inven-
tory. The trends identified at colocated plots
are then compared with the apparent trends
exhibited by across-the-board comparisons
of the two inventory periods to highlight po-
tential discrepancies.

Methods

This study encompassed eight states in
the US Interior West (Figure 2). Each state
was analyzed individually because FIA
implemented both periodic and annual in-
ventories and continues to publish forest
estimates on the basis of state boundaries. Pe-
riodic inventories were conducted throughout
the 1990s and as late as 2002, although the
specific years varied by state. Annual inven-
tories began as early as 2000 and as late as
2011 in states that were not funded during
the initial implementation. Whenever possi-
ble within the constraints of the FIA sample
design, annual plots were colocated with
previously measured periodic plots. The
time periods for analysis of plot measure-
ments were constrained to 1993-2002 for
the periodic inventory (time 1) and 2003—
2012 for the annual inventory (time 2), thus
corresponding to a remeasurement interval
of approximately 10 years. Because FIA
plots are now remeasured every 10 years in
the western United States, annual inventory
plots measured between 2000 and 2002
were excluded to ensure that only one an-
nual (time 2) measurement was included per
plot.

Given these two measurement periods,
comparisons of net volume, mortality, and
growth could be made in two main ways: by
comparing statewide estimates at time 1 ver-
sus time 2; or by comparing time 1 and time
2 estimates only at plots that were measured
during both inventories. The former is often
used by FIA data users not only because pe-
riodic (time 1) inventories are the best avail-
able historical data sets but also because such
comparisons are easy to make using existing
FIA publications or online tools. The second
approach involves assessing change at a sub-
set of plots that were measured during both
inventories (time 1 and time 2), which can
produce more precise estimates of change
over time than use of independent sets of
plots (Arner et al. 2005, Salk et al. 2013).
This approach requires a sufficient sample
size of colocated plots. It also precludes effi-
cient estimation of forest attributes over
broad areas such as entire states because
FIA’s stratification and estimation proce-
dures are designed to work with full panels
of data (Bechtold and Patterson 2005),
wherein nonresponse occurs at random
(Patterson et al. 2012), rather than subsets of
plots designated by their remeasurement sta-
tus. Note that nonresponse in this context
refers to plot locations that were sampled
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only during the annual inventory and there-
fore cannot be included in the colocated plot
analysis. Therefore, comparisons of plot-
level attributes, such as mean or median vol-
ume per acre, are more appropriate than
comparisons of statewide estimates when co-
located plots drawn from two incongruent
inventories are analyzed. Both periodic
(time 1) and annual (time 2) plot designs
allow estimation of tree attributes on a per
acre basis. For variable-radius periodic in-
ventories, basal area factors allow expansion
of volume per tree to per-acre estimates. All
annual inventories use four 24-ft fixed-ra-
dius subplots per plot for trees =5.0 in. dbh,
where each tallied tree represents about 6
trees/acre (O’Connell et al. 2014).

All plots measured during either inter-
val (1993-2002 or 2003-2012) were que-
ried from the national FIA database (for doc-
umentation and access information, see
O’Connell et al. 2014). The response vari-
ables of net volume, mortality volume, and net
growth volume (respectively, VOLCFNET,
FGROWCFAL, and FMORTCFAL from
O’Connell et al. 2014) were queried for all
standing trees 5.0 in. or larger in diameter.
In both inventories, net volume excludes
rotten, missing, and form cull and is ex-
pressed here as cubic feet per acre. The net
volume for each tree was converted to a per-
acre value using the appropriate expansion
factor (TPA_UNAD] from O’Connell et al.
2014), resulting in net volume expressed as
cubic feet per acre. Net volume was tallied
separately for live and dead trees to allow
comparisons of total, live, and dead net
volumes. For plots that did not contain at
least one standing tree of 5.0 in. or larger,
values of these response variables were
equal to 0.

Mortality and growth estimates through-
out the study area are based on one-time
observations rather than true tree-to-tree
remeasurement; tree-level remeasurement
data will not be available until FIA collects a
second cycle of annual data in each state.
Mortality is based on identification of stand-
ing dead trees that died within a specified
mortality window, which is typically 5 years
(USDA Forest Service 2013), and is ex-
pressed in cubic feet. The expansion factor
for mortality (TPAMORT_UNAD] from
O’Connell et al. 2014) annualizes the mor-
tality volume, based on the length of the
mortality window, to produce an estimate in
cubic feet per acre per year. Annualized net
growth is based on the previous 10 years’
radial growth, as measured using increment
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cores. Net growth is expressed as cubic
feet per year, and application of the appro-
priate expansion factor (TPAGROW_
UNAD]J from O’Connell et al. 2014) pro-
duces net growth in cubic feet per acre per
year. Note that net growth may be negative
due to mortality or due to live tree damage
such as rot or broken tops.

Tree-level estimates of net volume,
mortality, and net growth per acre were
summed to the plot level based on expansion
factors for individual trees (CONDPROP_
UNAD] from O’Connell et al. 2014). To
account for nonforest conditions on plots
that were not entirely forested, plot-level es-
timates of net volume, mortality, and net
growth were divided by the sum of the con-
dition proportions of all forested conditions
on the plot; note that this sum equals 1.0 for
plots lacking a nonforest condition. Cate-
gorical condition-level variables such as
forest type group were assigned to each
plot based on the order in which conditions
were encountered on the plot. For periodic
(time 1) inventory data, tree-level values per
acre were aggregated to the plot level by sim-
ple summation of per-acre values for all trees
on the plot. Note that the intermediate step
of calculating condition-level variables was
unnecessary for periodic data because condi-
tions were not differentiated during periodic
inventories; each periodic plot was, by pro-
cedural definition, a single-condition plot so
any condition proportion adjustments are
equal to 1.

Annual plots that were established in
the same locations as previous periodic plots
were identified as colocated plots. Periodic
(time 1) and annual (time 2) measurements
from these plots were paired for assessing
actual change. Because the annual plot grid
is considered a spatially representative sam-
ple (Bechtold and Patterson 2005), the rep-
resentativeness of the periodic inventory in
each state was assessed by comparing the
proportion of all periodic plots with the pro-
portion of all annual plots in each forest type
group. Forest types and forest type groups
are based on the tree species that form a plu-
rality of live stocking, and FIA uses a fixed
set of forest type and forest type group defi-
nitions based on the dominant species
(O’Connell et al. 2014). Note that in addi-
tion to the species with plurality of stocking,
any particular forest type or forest type
group may contain many other tree species,
including species that correspond to a differ-
ent FIA forest type or forest type group. For
plots recorded as nonstocked, the forest type

defaulted to the field-assigned forest type,
which is based on either previous stand com-
position or current regeneration (USDA
Forest Service 2013). Rather than assume
that forest type group remained constant be-
tween the periodic and annual inventory
measurements, the forest type group as-
signed to each plot at the time of measure-
ment was used. Although some of FIA’s for-
est type algorithms have changed over the
past two decades, their effect is assumed to
be minimal; most changes occurred within
FIA’s fir/spruce/mountain hemlock forest
type group, which is presented here as an
aggregate group rather than individual forest
types.

To distinguish between actual change
and apparent change resulting from differ-
ent inventory designs, the temporal differ-
ences in the response variables were com-
pared between periodic versus annual
estimates for two data sets: all plots mea-
sured in both inventories and only colocated
plots. Because of the nonnormality of the
response variables, nonparametric methods
were used to identify statistically significant
differences of medians. The significance of
the observed changes between all periodic
and all annual inventories was assessed
with the Wilcoxon-Mann-Whitney test,
also known as the Mann-Whitney or Wil-
coxon rank sum test (Zar 1996), using
PROC NPARIWAY in SAS software (SAS
Institute, Inc. 2009). This test assumes in-
dependence of observations, yet the pres-
ence of colocated plots clearly represents
some degree of dependence. However, iden-
tifying colocated plots is not straightforward
to casual users of FIA data, and such users
are more likely to use tests that assume inde-
pendence. Thus, the purpose of the compar-
ison of all periodic and all annual plots is to
illustrate a typical misapplication of histori-
cal inventory data, i.e., what not to do with
FIA data. The significance of differences at co-
located plots was assessed with Wilcoxon
signed rank tests using PROC UNIVARIATE
in SAS software (SAS Institute, Inc. 2009).
Both tests were conducted separately for
each state and each response variable. Note
that parametric tests (unpaired and paired
t-tests) were also used to test for differences
in means. The conclusions drawn from the
two sets of tests were nearly identical, but
because of failure to meet the underlying as-
sumptions of the parametric tests, those re-
sults are not presented here.



Table 1. Measurement years and numbers of plots in the periodic inventory, the annual inventory, and the subset of colocated plots in

the periodic and annual inventories.

Measurement dates Sample size Mean (SD) remeasurement period
State Periodic Annual Periodic Annual Colocated of colocated plots
.......... (yr) o ooove i (noofplots). . NN 0 ¢ ) NP
Arizona 1995-1999 2003-2012 1,966 3,229 1,642 11.51 (2.80)
Colorado 1993-1997 2003-2012 396 3,948 336 10.48 (2.89)
Idaho 1993-2002 2004-2012 2,736 3,386 1,584 9.68 (3.76)
Montana 1993-2001 2003-2012 2,374 4,451 2,123 11.98 (3.25)
Nevada 1994-1997 2004-2012 588 1,737 406 13.21 (3.40)
New Mexico 1993-2000 2008-2012 1,741 3,444 1,309 13.72 (2.24)
Utah 1993-1995 2003-2012 1,844 3,177 1,228 13.83 (3.02)
Wyoming 1998-2002 2011-2012 1,981 371 318 11.75 (1.39)
All states 1993-2002 2003-2012 13,626 23,743 8,946 11.98 (3.37)
Results some of the biases in the periodic invento-  growth, and Table 2 presents statistical evi-

The colocated plot data set consisted of
8,946 plots in 8 states, and the mean interval
between measurements was about 12 years
(Table 1). The measurement years for an-
nual inventories of New Mexico and Wyo-
ming lagged behind those of the other states
because of delayed funding; however, peri-
odic inventories in these two states were con-
ducted relatively recently, so their mean re-
measurement periods for colocated plots
were comparable to those of the other states.
Figure 2 shows the geographic distribution
of all periodic (time 1) and annual (time 2)
inventory plots, as well as the colocated
(time 1 and time 2) plot locations. Note that
the periodic plot locations exclude large ar-
eas covered by annual inventory plots; for
example, the Colorado periodic inventories
were restricted to the Grand Mesa, Uncom-
pahgre, and Gunnison National Forests in
west-central Colorado.

Figure 3 shows the proportion of plots
in each state within each forest type group
for all periodic plots (T1), all annual plots
(T2), and only colocated plots (T'1 and T2)
as measured during each inventory. For ex-
ample, the upper left box in Figure 3 (Ari-
zona) shows four sets of bars: first, the distri-
bution of plots among forest type group for
all periodic plots; second, the distribution of
plots among forest type group for all annual
plots; and third and fourth, the forest type
groups for colocated plots during the peri-
odic and annual inventories, respectively.
Each state contains between 8 and 14 of
FIA’s forest type groups, so for the sake of
brevity and clarity, only the 7 groups that
constitute at least 5% of the entire annual
inventory in any state are included in Figure
3. The proportion of all periodic plots in
each forest type group, compared with the
proportions for all annual plots, illustrates

ries. For example, the pinyon/juniper group
(dominated by Juniperus spp., Pinus edulis,
and/or Pinus monophylla) was underrepre-
sented by the periodic inventory in every
state except Wyoming. Compared with the
annual inventory, underrepresentation of
pinyon/juniper woodlands in the periodic
inventory corresponds to a higher sample
proportion of timber forest type groups such
as aspen (Populus tremuloides) in Colorado
and Utah; Douglas-fir (Pseudotsuga men-
ziesiz) in Idaho, New Mexico, and Utah; fir
and spruce types (Abies spp. and Picea spp.)
in Colorado, Montana, New Mexico, and
Utah; lodgepole pine (Pinus contorta) in
Colorado and Montana; and ponderosa
pine (Pinus ponderosa) in Arizona, New
Mexico, and Utah. Thus, statewide esti-
mates from the periodic inventories in these
states can be expected to disproportionately
reflect conditions within the above-men-
tioned timber forest type groups.

Given the differential representation of
forest type groups in the periodic versus an-
nual inventories, it is expected that mean net
volume, on a per acre basis, would exhibit
different patterns, depending on consider-
ation of all plots in both inventories versus
only colocated plots. Figure 4 confirms this
expectation. The mean volume at all annual
plots (bars marked “All T2” in Figure 4) is
appreciably less than the mean volume at
colocated annual plots (bars marked “Colo-
cated T2”) in all states except Wyoming. Be-
cause the colocated annual plots comprise a
subset of all annual plots measured between
2003 and 2012, this comparison excludes
temporal effects and reinforces the bias of
the periodic sample toward higher-volume
forestland.

Figures 4 and 5 illustrate qualitative
differences in net volume, mortality, and

dence for significant differences (a = 0.05),
between 1993 and 2002 and 2003 and
2014. In Montana, New Mexico, and Utah,
comparing all plots in both inventories
yielded significant decreases in total net vol-
ume, whereas colocated plots showed signif-
icant increases (Table 2). Therefore, these
states demonstrate that comparisons of T'1
versus T2 at all plots may yield results that
conflict with those from comparisons of
T1 versus T2 only at colocated plots. In
Nevada, total net volume did not change
significantly based on whole-inventory
comparisons, whereas colocated plots
showed significant increases. Compari-
sons of total net volume consistently
showed significant increases in Idaho, no
change in Wyoming, and significant de-
creases in Arizona and Colorado (Table
2), although the magnitude of these
changes was different in the colocated
comparison from that in the whole-inven-
tory comparison (Figure 4).

Live net volume significantly increased
at colocated plots in Idaho, Montana, Ne-
vada, New Mexico, and Utah (Table 2).
This result conflicts with the results of the
whole-inventory comparison, which showed
either no change (Nevada) or significant de-
creases (Idaho, Montana, New Mexico, and
Utah) in live volume. Both data sets showed
significant decreases in live volume in Colo-
rado and Wyoming. Although the whole-
inventory data set showed a significant
decrease in live net volume in Arizona, colo-
cated plots were not significantly different.
Increases in dead net volume were consis-
tently detected in every state, although in
Colorado and New Mexico these increases
were only detected in the colocated plot
comparisons.

The most consistent trends during this
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Figure 4. Mean net volume at all plots in the periodic (T1; 1993-2002) and annual (T2; 2003-2012) inventories and at only colocated plots

from both inventories (T1 and T2), by state.

interval are significant increases in mortality
and decreases in net growth in all states, re-
gardless of the data set used for comparison
(Figure 5). The only comparison that did
not detect a significant increase in mortality
was the whole-inventory comparison in Col-
orado (Table 2) despite exhibiting a qualita-
tively large change (Figure 5). The increase
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in mortality was greater at colocated plots
than across entire periodic versus annual in-
ventories in every state except for Colorado
and Wyoming (Figure 5 and percentages in
Table 2). In six of the eight states, net
growth decreased significantly based on
both whole-inventory and colocated plot
analyses (Table 2). In Idaho, only the colo-

cated plot comparison detected the decrease
in growth, and in Nevada the colocated plot
comparison detected no change in contrast
to the decrease detected by the whole-inven-
tory comparison (Table 2). In most states,
the magnitude of the decrease in net growth
was similar among the colocated versus all-
plot comparisons (Figure 5).



z:;“::‘nl:..ulml,mul.l.“\.\

TL|T2|T1{T2|T1|T2(TL|T2|{T1|T2|T1|T2|T1|T2|T1|T2|T1|T2|T1|T2|{T1|T2{T1|T2|T1|T2|T1|T2|T1|T2|T1|T2

(7O -
oo

Annualized volume (ft3fac/yr)
S

Al Colocated All  |Colocated Al [Colocated Al Colocated, Al Colocated. Al Colocated ANl Colocated Al Colocated

Arizona Colorada Idaha Mantana Nevada New Mexico Utah Wyoming

Figure 5. Mean annual mortality and net growth (cubic feet per acre per year) at all plots in the periodic (T1; 1993-2002) and annual (T2;
2003-2012) inventories and at only colocated plots from both inventories (T1 and T2), by state.

Table 2. Summary of changes in five response variables between time 1 (1993-2002) and time 2 (2003-2012), based on comparisons
of all periodic and all annual plots versus comparisons of colocated plots from the two inventories.

All plots Colocated plots
Absolute Absolute
State Variable difference* % difference Pvalue Conclusion difference* % difference Pvalue Conclusion
Arizona Total net volume —271.2 —22.2 <0.0001 Decrease —53.4 —4.0 <0.0001 Decrease
Live net volume? —314.7 —27.3 <0.0001 Decrease —136.2 —11.0 0.9354 No change
Dead net volume 43.5 59.6 <0.0001 Increase 82.9 105.8 <0.0001 Increase
Mortality 9.2 290.8 <0.0001 Increase 15.2 480.9 <0.0001 Increase
Net growth —18.5 —118.2 <0.0001 Decrease —22.1 —128.5 <0.0001 Decrease
Colorado Total net volume —981.2 —32.8 <0.0001 Decrease —104.4 —3.3 0.0003 Decrease
Live net volume —1,053.9 —38.3 <0.0001 Decrease —139.8 —4.9 0.0166 Decrease
Dead net volumet 72.8 30.2 0.6812 No change 35.4 13.6 0.0200 Increase
Mortalityt 17.6 144.8 0.3130 No change 10.0 77.6 <0.0001 Increase
Net growth —36.2 —114.2 <0.0001 Decrease —19.5 —59.7 <0.0001 Decrease
Idaho Total net volume 0.3 0.0 0.0367 Increase 231.4 7.1 <0.0001 Increase
Live net volume? —127.5 —=5.0 <0.0001 Decrease 28.6 1.0 0.0041 Increase
Dead net volume 127.8 36.8 0.0469 Increase 202.8 51.1 <0.0001 Increase
Mortality 30.6 255.3 <0.0001 Increase 40.4 312.1 <0.0001 Increase
Net growtht -89 —37.7 0.9781 No change —28.5 —=79.6 <0.0001 Decrease
Montana Total net volumet —133.9 -5.6 <0.0001 Decrease 613.6 25.5 <0.0001 Increase
Live net volumet —318.1 —14.7 <0.0001 Decrease 238.9 11.0 <0.0001 Increase
Dead net volume 184.1 82.1 <0.0001 Increase 374.7 165.6 <0.0001 Increase
Mortality 23.2 252.7 <0.0001 Increase 36.5 405.3 <0.0001 Increase
Net growth —18.8 =77.7 <0.0001 Decrease —24.7 —98.4 0.0241 Decrease
Nevada Total net volumet 14.1 2.2 0.0894 No change 241.0 37.0 <0.0001 Increase
Live net volume? —13.1 —2.1 0.7099 No change 196.3 31.5 <0.0001 Increase
Dead net volume 27.2 87.5 <0.0001 Increase 44.7 158.7 <0.0001 Increase
Mortality 3.8 281.3 <0.0001 Increase 5.4 451.8 <0.0001 Increase
Net growtht —4.2 —89.1 <0.0001 Decrease —-3.7 —68.0 0.8999 No change
New Mexico Total net volumet —514.0 —36.6 <0.0001 Decrease 86.8 6.0 <0.0001 Increase
Live net volumet —516.6 —39.3 <0.0001 Decrease 1.5 0.1 <0.0001 Increase
Dead net volume 2.5 2.8 0.0001 Increase 85.4 93.6 <0.0001 Increase
Mortality 3.1 104.4 <0.0001 Increase 9.0 292.8 <0.0001 Increase
Net growth —18.1 —89.2 <0.0001 Decrease —20.0 —94.7 <0.0001 Decrease
Utah Total net volumet —183.7 —14.5 <0.0001 Decrease 225.5 20.0 <0.0001 Increase
Live net volume¥ —266.3 —22.8 <0.0001 Decrease 68.2 6.5 0.0011 Increase
Dead net volume 82.7 84.4 <0.0001 Increase 157.3 193.4 <0.0001 Increase
Mortality 7.7 135.1 <0.0001 Increase 13.0 330.0 <0.0001 Increase
Net growth —11.3 —127.9 <0.0001 Decrease —11.8 —140.8 <0.0001 Decrease
Wyoming Total net volume —128.3 =5.0 0.5162 No change —356.0 —12.6 0.4473 No change
Live net volumet —421.4 —20.8 0.0633 No change —647.4 —28.5 <0.0001 Decrease
Dead net volume 293.1 56.4 <0.0001 Increase 291.5 53.0 <0.0001 Increase
Mortality 40.0 352.2 <0.0001 Increase 38.7 342.4 <0.0001 Increase
Net growth —51.8 —308.1 <0.0001 Decrease —57.1 —266.8 <0.0001 Decrease

“Difference” refers to the quantity “time 2 — time 1” and is calculated as the difference of the sample means in the all-plots comparison and as the mean of the differences at colocated plots in the second
comparison; percent differences are relative to time 1 values. P values are based on Wilcoxon-Mann-Whitney tests (all plots) and Wilcoxon signed rank tests (colocated plots). Note that although mean
values are reported for qualitative interpretation of changes between time 1 and time 2, the nonparametric tests used here test for differences in medians.

* Absolute difference units are ft>/acre (total, live, and dead net volume) and ft*/acre/yr (mortality and net growth).

+ These rows represent response variables with conflicting conclusions (o = 0.05) at colocated plots compared with all plots.
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Discussion

This study used the common currency
of colocated plots for assessing changes that
occurred between the most recent periodic
inventory of several western states and the
implementation of FIA’s annual inventory
design. The results demonstrate the poten-
tial pitfalls of relying on broad-scale esti-
mates from historical inventories to assess
subsequent forest change when the popula-
tion of interest changes over time. In several
states, direct comparisons of statewide peri-
odic inventory estimates from 1993 to 2002
with statewide annual estimates from 2003
to 2012 produce changes that are contradic-
tory to those observed for the large samples
of colocated plots that were measured dur-
ing both inventories. Both comparisons
confirmed, however, that nearly every state
in the Interior West has experienced in-
creased mortality and decreased net growth.
Nonetheless, in many cases for which the
two comparisons yield similar conclusions,
the magnitude of change differs consider-
ably. The observed change at colocated plots
represents actual change, whereas wholesale
comparisons of all periodic plots with all an-
nual plots may represent changing inventory
protocols. Use of colocated plot analysis to
disentangle changing the inventory design
from real forest change could be imple-
mented in other states and regions, provided
that their annual inventory designs incorpo-
rated at least some of their legacy plots from
periodic inventories. However, some of the
definitional issues pertaining to woodland
forest types and sparse tree cover may be
unique to parts of the arid West.

Comparison of the proportion of each
inventory by forest type group confirmed
suspected or known biases in some states’
periodic inventories, which overrepresented
timber types and underrepresented less pro-
ductive forests, particularly pinyon/juniper
woodlands. The historical bias toward tim-
ber forest types is due not only to sample
design differences but also to different defi-
nitions of “tree” and “forestland.” As men-
tioned above, some periodic inventories in-
cluded woodland forest types but did not
sample woodland plots where trees were
deemed to be incapable of attaining a certain
height or growth form. Other inventories
omitted specific woodland types, excluded
some geographic regions from the field in-
ventory (Figure 2), and/or targeted certain
ownership groups. Thus, the definition of
the target population of forestland was not
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consistent among inventories. These collec-
tive differences confound interpretation of
forest change based on statewide estimates
derived from historical inventories.

One caveat of this analysis is that the
sample of colocated plots cannot be as rep-
resentative as the annual inventory sample.
Analysis of colocated plot data cannot com-
pensate for underrepresentation or omission
of subpopulations in the periodic inventory;
it can, however, constrain overrepresenta-
tion of subpopulations due to the balanced
design of the annual inventory. Thus, it re-
moves some of the noise inherent in com-
paring data from two incongruous sample
designs that differentially sampled subpopu-
lations within each state. It also provides
more precise estimates of changes in tree vol-
ume than comparisons of all periodic to all
annual plots (Arner et al. 2005).

Despite these caveats, the demonstrated
effects of different inventory designs on
change assessments have implications for
forest managers who are responsible for
monitoring attributes such as timber supply,
wildlife habitat, forest biomass, and forest
carbon, among other resources. Forest man-
agers and other FIA data users need reliable
data on forest trends, and they are already
making wholesale comparisons of periodic
and annual inventory estimates. This article
should serve as a cautionary tale to uniniti-
ated FIA data users who want to assess
long-term forest change in the Interior
West. For example, biomass and carbon
are assessed using FIA estimates relative to
baseline assessments from the 1990s (Heath
et al. 2011, US Environmental Protection
Agency 2013, Domke et al. 2014). The vol-
ume changes observed here represent paral-
lel trends in tree biomass and carbon, so use
of periodic baselines of these metrics may
lead to similarly confounded conclusions
about carbon fluxes and changes in forest
productivity over time.

The implications of this study are that,
at least in the Interior West, managers and
scientists may need to reevaluate the adop-
tion of periodic inventory data as reference
conditions or historical baselines. To facili-
tate appropriate use of these data, future re-
search should identify applicable methods
for reconciling multitemporal statewide and
regional estimates of forest attributes. Be-
cause annual inventories are more consistent
and usually more complete than periodic in-
ventories, the most promising approaches
allow revision of historical baselines using a
combination of colocated plot data and sta-

tistical modeling to compensate for missing
historical observations at annual plot loca-
tions. Eskelson et al. (2009) reviewed several
methods of nearest neighbor imputation as
applied to forest inventories, in which miss-
ing values are typically assigned based on ob-
servations from the same inventory period
(e.g., the same FIA cycle), and compared
these methods to traditional regression.
Domke et al. (2014) tested several methods
of compensating for missing FIA observa-
tions in statewide carbon assessments but
found that the most appropriate method
varied by state. In their study, the percentage
of missing values ranged from 0 to 25% of
the sample, encompassing the observed
range of nonresponse in a single inventory
cycle in all states (Patterson et al. 2012).
However, if periodic observations were
compared to the annual inventory sample in
Interior West states, the percentage of miss-
ing periodic observations would be much
higher and thus pose a different set of ana-
lytical challenges. Gray et al. (2014), in their
estimation of carbon fluxes in Oregon, used
a combination of remeasured plot data and
empirical regression models of growth and
mortality to populate missing values where
the vast majority of the observations in a spe-
cific subpopulation were missing.

Although periodic and annual inven-
tory data are not directly comparable, peri-
odic inventories nonetheless represent the
best available information at the time the
data were collected. Because discrepancies
between periodic and annual inventory data
sets can produce misleading conclusions
even at fairly small temporal and spatial
scales, i.e., a single decade within individual
states, evaluating change over longer time
periods may be even more problematic. His-
torical forest assessments that accompanied
decadal census data (e.g., Walker 1874, Sar-
gent 1884) provide snapshots of forest status
but typically include little documentation or
validation. Liknes et al. (2013) compared
Walker’s (1874) historical, broad-scale for-
est density map to a present-day forest prob-
ability map that was developed from FIA
and satellite data but mimicked the structure
of the historical data; however, the authors
suggested that such comparisons are applica-
ble only at regional or even national scales.
Even the massive USDA Forest Service
(1958) report on America’s forests focuses
on national and regional assessments, ac-
knowledging that data quality varies suffi-
ciently among individual states such that
state-level estimates should not be compared



with earlier data sets. Regardless of spatial or
temporal scale, users of FIA data should ac-
knowledge the limitations of comparisons
with historical data and make efforts to rec-
oncile inconsistencies as much as possible, as
presented in this analysis.

Before the implementation of the annual
inventory, FIA wrestled with problems of in-
congruous historical data sets. This study pres-
ents a method of robustly assessing forest
change in the Interior West, where changing
inventory methods and definitions have led to
a series of inconsistent inventory data sets, and
demonstrates that further progress regarding
reassessment of historical baselines is needed in
the Interior West states. Although integration
of historical data with ancillary data sets such as
high-resolution imagery could enhance the
ability to detect historical changes by account-
ing for differences in inventory procedures and
definitions, the use of colocated plot data pro-
vides a shovel-ready analysis. Fortunately FIA’s
annual inventory design should allow robust
assessments of current and future forest
change, provided that the design does not
change appreciably in the future.
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