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Abstract The influence of invasive plant species
(IPS) on forest ecosystems has been of sufficient con-
cern to warrant data acquisition on their presence and
abundance. These data are needed at various spatial
scales for both land management and policy pur-
poses. One potential source of data are national forest
inventories (NFIs) that often record IPS observations
on sample plots that span relatively large spatial and
temporal extents, thus providing data users with a
wide range of analytical opportunities to meet desired
information needs. In the NFI of the USA, which is
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conducted by the USA Forest Service’s Forest Inven-
tory and Analysis (FIA) program, IPS presence and
foliar cover area are visually observed and recorded
nationally on a spatially balanced subset of inventory
plots measured each year. As with any sample-based
assessment, the implementation of statistically appro-
priate methods is imperative for credibility of the final
estimates. In this paper, statistical methods for calcu-
lating population estimates and associated measures
of uncertainty for current status and change in IPS
attributes are presented. The estimators address both
presence and cover area estimation, as well as estima-
tion of area proportions relative to total area domains.
Also included are data and various numeric exam-
ples that assist in understanding the estimation steps
and provide for verification of accuracy in results.
The methods should be applicable to most IPS data
collected in other forest inventories with little or no
modification.

Keywords Species occupancy - Understory
vegetation - Change estimation - Post-stratification -
Ratio estimate

Introduction
Invasive plant species (IPS) are nonnative species
that can cause deleterious impacts by spreading

aggressively and outcompeting surrounding vegeta-
tion. Within forest ecosystems, IPS can alter nutrient
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availability, supplant desirable species, impact aes-
thetics, and cause negative economic consequences
(Kaufman & Kaufman, 2023; Senator & Rozen-
berg, 2017). Not only are these plants economically
burdensome within forests, but they are also costly
to manage in farmland and urban areas (Arrington,
2021; Bajwa et al., 2019). Many of these invasive spe-
cies use efficient propagation methods such as rooting
from small fragments and prolific seed production
(Gioria et al., 2023; Simberloff, 2009). There has also
been recognition of positive aspects of IPS presence
(Tassin & Kull, 2015), and beneficial uses such as for
ecological site remediation, medicinal, and culinary
purposes have been documented (Scott, 2010; Shen
et al., 2023). However, their negative impacts pose
challenges in the context of maintaining ecologically
robust forest ecosystems (Blossey, 1999).

Due to the potential ramifications of IPS on for-
est resources, information regarding their presence
and abundance is critical for land managers and pol-
icy makers. IPS data are collected at various spatial
scales depending on the analytical need and funding
availability, but often holistic landscape scale assess-
ments rely on large regional- or national-scale data
such as those collected in national forest inventories
(NFI). For example, NFI data in Germany were used
to assess invasion risk of two non-native tree species
(Bindewald et al., 2021), analyses of invasive her-
baceous and tree species have been conducted using
NFI data from Spain (Alberdi et al., 2017), and non-
native plant species richness and abundance were
evaluated from NFI data across New Zealand (Jo
et al., 2024). In the NFI of the USA, which is con-
ducted by the USA Forest Service’s Forest Inventory
and Analysis (FIA) program, IPS presence and foliar
cover are visually observed and recorded for a subset
of plots that are designated for additional data collec-
tion to address data needs related to forest health indi-
cators (Kurtz, 2013; Morin, 2020) . Numerous IPS
assessments have been made using FIA data (Chris-
tensen et al., 2016; Kurtz, 2023; Oswalt et al., 2015);
however, reporting of results is often accompanied
by little documentation of the analytical methods and
lack estimation of statistical uncertainty. Thus, there
is a need to elucidate a formal estimation procedure
for IPS analyses using FIA data with possible exten-
sions to other NFI attributes and programs as well.
The estimation processes used by the FIA program
have been published (Scott et al., 2005), so a guiding
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principle of this work is that IPS analyses should gen-
erally conform to the existing methods. Consequently,
the objectives of this manuscript are (1) to present
estimators pertaining to estimating the status of IPS
presence and cover (including sampling variance), (2)
to extend these methods to include estimation of tem-
poral change in IPS status, and (3) to provide numeric
examples to aid in the reproducibility of estimates for
data users.

Methods
Data

The methods described below are in the context of the
sample design (Reams et al., 2005), plot configura-
tion (Bechtold & Scott, 2005), and field measurement
protocols (U.S. Forest Service, 2024) implemented
by FIA. The sample design is quasi-systematic with
post-stratification employed to increase the preci-
sion of estimates. IPS measurements are taken on a
1/8 (12.5%) subset of FIA plots and thus the sam-
pling intensity for IPS is approximately 1 plot per
30,351 ha (75,000 ac). The plot configuration is com-
posed of four circular subplots, each having a 7.32 m
(24 ft) radius with one subplot located at plot center
and the remaining three subplots centered at azimuths
120, 240, and 360 degrees and distance of 36.58 m
(120 ft) from plot center (Fig. 1). A mapping protocol
is used within each subplot to record any boundaries
between differing conditions, such as between forest
and nonforest land use or within forest areas that may
diverge in characteristics such as forest type, stand
size class, or ownership (U.S. Forest Service, 2024).
These mapped conditions allow for the estimation of
subplot area proportions for each delineated condi-
tion. The measurements for IPS are collected in for-
ested conditions within each subplot and include spe-
cies identification and percent foliar cover for each
IPS present. Cover is visually estimated by species
for each measured condition on the subplot sepa-
rately and recorded as a percent of the entire subplot.
Recording the condition-level values as a percent of
subplot area allows the total proportion for the entire
subplot area to be estimated as the sum of the condi-
tion values. Area of presence for a given IPS is the
condition area within the subplot where the species
was observed. Nonforest conditions are assumed to
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Condition 1 (Forest type A)
Condition 2 (Forest type B)
| Condition 3 (Nonforest)

Fig. 1 The FIA cluster plot for IPS data collection consists of
an array of four subplots (7.3 m radius) with three satellite sub-
plots separated from a center subplot by 36.6 m at azimuths of
0, 120, and 240 degrees. In this example, there are three con-
ditions on the plot, delineated using FIA’s condition-defining
rules, which are based on differences in land use, forest type,

have no extant IPS. Plants qualifying for inclusion
in IPS observation protocols are defined by a state-
specific species list (found in the FIA database table
REF_INVASIVE_SPECIES), which is accessible as
part of the FIA reference table set available at: https://
apps.fs.usda.gov/fia/datamart/CSV/FIADB_REFER
ENCE.zip. Documentation of table contents is pro-
vided by Burrill et al. (2024).

Provision of example calculations relied on data
from the state of Maryland (MD), USA. Estimates
of current status were obtained from data collected
between 2013 and 2019 on 109 plots (hereafter iden-
tified as 2019 data). Lacking an appropriate set of
actual remeasurement data, estimation of change was
based on a subjective perturbation of the 2019 data
to create a synthetic dataset that represented change
over time. Modifications to the original 2019 data
included removal of three IPS of rare occurrence
and minor perturbations to plot IPS cover percent
and forest area values. Thus, the change estimates do
not reflect actual change in IPS presence, IPS foliar
cover, or forest land area. For all data, IPS cover per-
cent data were converted to proportions to align with

or certain other circumstances. The foliar cover proportion for
each IPS is recorded for each condition on the subplot. This
example depicts estimated cover area percent for IPS species X
(10%), species Y (5%), and species Z (17%). No IPS measure-
ments are collected on nonforest portions of plots

forest area proportion data and facilitate consistency
in estimations. The example calculations provided
assume that the 2019 data were the observations for
time 1 (T1) and the synthetic data represented condi-
tions at time 2 (T2), presumably associated with the
next remeasurement cycle.

The field data are used to construct population
estimates following the post-stratified estimation pro-
cedures described by (Scott et al., 2005). For a given
state, the total area is partitioned into g =1 to G popu-
lations referred to as estimation units (Westfall et al.,
2022). Within each estimation unit g, canopy cover
classes predicted from classified remotely sensed
imagery are used to apportion the area into h=1 to
H post-strata, the areas of which determine the stra-
tum weights (W,;,) (Gormanson et al., 2023). Typi-
cally, a minimum of 10 sample units per post-stratum
is strived for (Westfall et al., 2011); however, fewer
sample units are considered acceptable in some cases,
e.g., estimation unit 1, which represents sample units
in water which will all have observations of zero for-
est land and IPS attributes. Table 1 provides a sum-
mary of the data by estimation unit and post-stratum.
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Analysis

The estimation methods described below generally fol-
low those documented for the FIA program (Scott et al.,
2005; Westfall et al., 2022). However, the referenced FIA
documentation does not specifically address estimation
of species presence and cover area for special observa-
tion protocols such as those for IPS. A key element in
defining the specifications for the desired estimate is
the use of a binary (0/1) domain indicator variable 6.
The domain d is a user specified set of criteria and can
include a wide range of data elements collected at the
plot-, condition-, subplot-, or plant-level. In the context
of this document, key domain components are forest land
use and presence/absence status of an IPS of interest.
Further refinements can be made such as specifying any
combination of location (e.g., county), condition (e.g.,
forest type), and/or plant (e.g., minimum cover present)
domain elements. For example, consider a domain d
specified by forest type B (e.g., Fig. 1) having presence
of IPS species X. In this case, 6 = 1 only if the IPS spe-
cies X is present, the land use is forest, and the forest type
is classified as B; otherwise, 6 = 0. The domain-based
estimation approach allows users to customize estimates
to meet their specific information needs. As will be seen
below, the domain indicator variable plays a key role in
determining the observed value for each plot.

Estimation of IPS presence area and proportion of a
land domain

To estimate the total area where IPS are present, each
subplot is evaluated for presence/absence in the con-
text of the specified domain d (e.g., d is forest land
containing a selected IPS species of interest). The area
proportion of IPS presence on each plot is estimated
by summing the area proportion of forest conditions in
each subplot where IPS associated with domain d are
present; i.e., the condition area is considered the pres-
ence area where the domain of interest is satisfied.
The following equation accounts for the fact that some
subplots may have more than one condition k that is
forested:

A2

— g H A IpQ "
v(A_IPSgd> = —[ i Wgh"ghV(AJPSghd> + 2 @

g

A, b
4 K “Tghijk® gpijka
A_IPSyiq = 2j=12k=1 P 1
f

where within stratum 4 of estimation unit g, A_IPS,,;,
is the area proportion of IPS presence on plot i in
domain d, A, is the proportion of plot-level area
on plot i in subplot j having condition &, &, is the
indicator variable for domain d on plot i in subplot
J having condition k, and p,, is an adjustment factor
to account for plots only partially accessed (i.e., that
have partial nonresponse). The adjustment factor is
calculated as:

— Zr'lihl Aopi
Py = ———— @)
I’lgh

where, in stratum h of estimation unit g, a,, is the
accessible area proportion of plot i and ng, is the
number of plots at least partially accessible. The
application of this adjustment factor has the same
effect on the estimate as imputing the stratum average
value for the attribute to any missing portions of the
plots. To proceed with estimating the total area of IPS
presence in domain d, estimate the mean area propor-
tion A_IPS,,, and its variance v(A_IPS,,,,) for each
stratum /% in estimation unit g:

- " A_IPS,,,
AIPS ;= Zi AP S i 3)
ngh

- 2
302 (ALIPS yug = AIPS )

Ny (Mg, — 1)

“

V(A_IPS ,g) =

To estimate total IPS presence area and the asso-
ciated variance in domain d for estimation unit g,
combine strata means and variances using the stra-
tum weights W,, from the post-stratification and the
known area of the estimation unit A,

—_— H _
ALIPS, =AY " WyA IPSy, )

Wgh)%v@_msghd)} ©)

8
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Having the estimates of total presence area and
associated variances for each estimation unit, calcula-
tion of state-level estimates is accomplished by sum-
mation across the G estimation units in the state:

A_IPS, = - A _IPS,, 7
— G —
V(A_IPS,) = Zgzlv(A_IPSgd) ®)

Practitioners may also be interested in evaluat-
ing AjP\Sd in the context of a specified land area
domain, e.g., AjP\Sd as a proportion of total land
area A\d,, where d’ is a secondary domain that could
be defined as all forest, a selected forest type, or
other land type domain of interest. It is important to
emphasize here that d’ is commonly an area-based
domain that has some relationship to the domain d.
For example, domain d may be specified as presence
of multiflora rose (Rosa multiflora Thunb.) in oak/
hickory forest type and the associated domain d’ is
oak/hickory forest type. Similar calculations to those
performed above are implemented to construct the
estimate. First obtain the area proportion in domain
d’ for each plot:

ghl/
Aghiar = Z, IZk_

k5
py

ghtjkd’
h

®)

where A, is the area proportion in domain d’ on

plot i in stratum / of estimation unit g. 8/ ik equals 1

if the presence of domain 4’ is indicated and equals 0
otherwise. The next step is to estimate the mean area
proportion A eha And its variance V(A gna) for each stra-
tum h in estimation unit g:

- Z BhA hid'
Aghd’ = g (10)

h=1

gy A - 2
z[=1 chid — Aghar

Ngy(gy — 1)

D

V(Zghd’) =

Now the estimated area in domain d’ for the estima-
tion unit g and its estimated variance are calculated by
combining stratum means and variances across strata:

~ H
R =4, " Woh g (12)
~ AL [ - H Mgy (—
V(Agd/) = Z h:lehnghv<Aghd/> + Zh:l(l — Wgh)ZV<AgM/>
(13)

Estimations analogous to Eqgs. (7) and (8) are per-
formed to obtain state-level estimates Ad, and v(Ad/)
The desired estimate of area proportion of IPS presence
within the land area associated with d’ is calculated as
a ratio estimate:

__ A_IPS, 1
gd/

A—Pdd’ =

with its associated variance having the form of:

v(A Pur) = — !
A2

d

[V(A TIPS, + APy vAy) - 24 Pyycov@y, A IPs,)]

s)

where ;\\d,, v(ﬁd,), A/j’dd,, and v(AjP\Sd) are as
defined before. The remaining statistic to be esti-
mated to complete the variance estimation at the state
level is the covariance between the esti@tis of the
numerator and denominator cov(ﬁd,,A_IPSd). The
estimations for each stratum 4 within estimation unit
g are given by:

o, _ —
E;ﬁl (A—IPSglud - A—IPSg/zd> (Ag/xid/ - Aghd’)

(g, — 1)

cov(Agy,

d! ’mghd) =
(16)

In like manner to the steps taken for variances, the
covariances are combined across the H strata to esti-

mate the covariance for the estimation unit g:

~ — A; H - - H ngh — -
cov (Agd,,A_IPSgd> =8 [ W cov(A g A_IPS g+ 3 (1= Wgh)n—cov(Aghd,,A_IPSghd)] (17)
8

Finally, the estimated covariance at the state level is
obtained by summing the covariances of the estimates
across the G estimation units:

@ Springer
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cov(Ad,,A_IPSd> = Zgzlcov<Agd,,A_IPSgd) (18)
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Estimated IPS cover area

To estimate the total cover area, the cover area pro-
portion on each subplot C*, .. is estimated in the con-
ghijd

text of the specified domain d:

K
* —_—

Cenia = ey CaniikOghiika (19)

where within plot i of stratum /4 in estimation unit g,

Cpi 18 the cover proportion for plot i, subplot j, in

condition k. The overall cover area proportion C;:hl. y

for plot i is estimated by summing over the four sub-
plots and dividing by the aforementioned partial plot
adjustment factor given in Eq. (2):

Cc* .
« 4 ghiid
Cghid - 2/:1 l_7gh 20)

The sample mean and its variance in stratum 4 of
estimation unit g are estimated as:

_ e
* i=1 " ghid
= Q1)

ngh

Z?iﬁ( chid ~ E;hd)z 22)

WC, )=
ghd ngh(ngh - 1)

The estimated total and associated variance for
estimation unit g are:

A~ —%

s H
Cli=Ag ) WuC (23)

~ Ai H ~ H n P
v(c;‘d) = Z [Zh:IWg,,nghv<C;d) + Y- Wg,,)ni:v(C;d>]
(24)
As shown previously in Egs. (7) and (8), summa-

tion across the G estimation units provides the appro-
priate estimates at the state level:

Nk G Nk

Ci=2 i Cu (25)
Nk G Nk

)=, vCrp (26)

Estimated mean cover proportion of a land domain

It may also be of interest to estimate the IPS cover
area proportion in the context of a specified land
domain. For example, a common land domain of
interest is land on which a given IPS is present (i.e.,
land containing the IPS is designated as d/). The pro-
portion estimate therefore is defined as the proportion
cover of an IPS on land where that IPS is present.
Alternatively, other land domains could be specified
such as all forest land. Regardless of how d’ is speci-
fied, estimation proceeds identically as in the previ-
ous section using Egs. (1-18) to obtain estimates of

6‘; instead of A/_IFS[,. Ultimately, the estimated ratio

C*_P,, and its variance are defined as:

A~

G
C* Py === @7)
d’

— A —2 A~ — A A
V(C*_Pdd,) = ;‘% [v(c;) +CPyv(Ay) =20 P cov(c;;,Ad,)]
2

(28)
Combining covers of multiple species

The methods described above provide the basis for
estimating plot-level values based on domain d for a
single IPS. However, there may be cases where cover
information is desired for several species in combina-
tion. Using FIA data collection protocols, the cover
observations are made independently by species with
no accounting of any overlapping cover among spe-
cies. This situation thus requires further considera-
tion as assumptions other than no overlapping cover
or entirely overlapping cover may be preferred. For
example, the principle of inclusion—exclusion for cal-
culating the probability of union for multiple events
(Kahn et al., 1996) may be invoked to approximate
the total combined cover of multiple species that may
partially overlap under the assumption of random
assortment. In this framework, the percent cover of
a species is treated as a probability of occurrence at
any given point in the subplot under the assumption
of random spatial distribution. Therefore, estimations
to obtain the requisite plot observations in the context
of domain d that combine cover measurements from

@ Springer
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s=1 to S species may be approximated via (Jennings
et al., 2009):

i K s
Chia = Do, [1 -1 0- Cghiiks‘sghi/‘kd)] 29)

where within plot i of stratum /4 in estimation unit g,
C;hl.j , 18 the proportion of plot area in subplot j that is
covered by all species in the specified domain d,
Ognijka 18 @ domain indicator that includes S species,
and C,,; is the cover proportion of species s for sub-
plot j in condition k. The overall cover area propor-
tion C* . for plot i is obtained by summing over the
ghid

four subplots:

Cc* .
«  _ 4 Tghid
Cghid - Zj:l [;gh (30)

Having established C;hi , for S>1 species, calcula-
tions can proceed as described earlier, e.g., beginning
at Eq. (21) for combined cover estimates of species
defined in domain d.

Estimating change in area

This section will focus on two primary analytical
needs: (1) estimation of change in the area for pres-
ence and cover and (2) estimation of change in the
proportion for presence and cover area. The first
need addresses whether the area of occurrence is
changing, whereas the second frames the analysis in
the context of forest area change. Estimating change
requires an initial measurement at time T1 and a sub-
sequent measurement at time T2 such that the change

COV(A_IPS 4, A_IPS 19y 0pq) =

is determined by the periodic difference. For the pur-
poses of this document, the estimations of current
status outlined above are considered to be generated
from the T1 measurement, e.g., A_IPS, and ;ld, using
Egs. (1)-(13). The corresponding estimates from the
T2 measurement also arise from Egs. (1) to (13) and
vAvill be denoted with a subscript, e.g., /CIFS‘(TZM and
A(rp)- As it is commonplace to use a unified post-
stratification scheme for change estimation, it was
assumed the same post-stratification sample plot
assignments and stratum weights from T1 are also
applied to T2 estimates. Area of change in presence
AA_IPS,; is calculated as:

AA_IPS; = A_IPS 2, — A_IPS, 31)

where m?d and Iﬁ(Tz)d are the estimated IPS
area in domain d at T1 and T2, respectively. As
AA_IPS, is the difference between two random varia-

bles; the variance v(@5d> takes the form of:

v(@sd) = WAIPS,) + VA _IPS 1)
e (32)
— 2cov(A_IPS ;, A_IPS 1))

/T\he estimation procedures described above for
A_IPS, can be followed to obtain the estimated values

for A_IPS,;, A_IPS 7,5, V(A_IPS,), and w(A_IPS 75,,).
Estimation of the covariance proceeds generally as indi-
cated previously (i.e., Eq. (16)) except that observations
from two points in time are used instead of two attrib-
utes at a given point in time. Specifically, begin calcula-
tions for each stratum /4 within estimation unit g:

P (A_IPSghid —A_IPS, hd) (A_IPS(Tz)ghid —A_IPS ), hd) .

ngh(ngh -1

Subsequently, combine the estimated covariances
across strata to estimate the covariance between

2

— — Ag H —_— _— H % R [
cov(AJPSgd,AJPS(TZ)gd) = 1 2 Wettgh OV AIPS g, AIPS rapgia) + % (1= Wy~ cov(A_TPS g0, A_TPS 12)410)
8
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the attribute totals for the estimation unit g under
post-stratification:

(34)
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Obtain the estimated covariance at the state level
from:

cov(@d,@(n)d) = Zgzlcov<mgd’m(n)gd>
(35)
Estimation of change in cover area proceeds
identically as described above in Egs. (31)-(35) for
presence area change except that calculations have
their basis in C;‘hi , and C?Tz)ghi , instead of A_IPS,,,,
and A_IPSr;).p;q- The corresponding notation for
the cover area change estimate and aAssociated vAa£i—
ance at the state level would be ACY and v(AC)),
respectively.

Estimating change in area proportion

In previous sections, options for estimating area
proportions relative to a specified land domain were
presented. Given that the methods for estimating
change in area proportions build upon the previous
calculations, the below presentation will use the
same notation presented earlier in the section on
presence area proportion. Recall this proportion was
given earlier in Eq. (14) as A/_TDdd, = A:XIPS". In the

4

context of change estimation, the two estimates cor-
responding with different points in time (A_P,y =

1 Ngpy

CUV<A7P ehda’»A_P (TZ)ghdd’) =

Ngp (ngh - 1)Aghd’A(T2)ghzl'

initial measurement, A_P z,,,= subsequent meas-
urement) and their difference AP, are:

— A_IPS,

APy = — (36)
Ad’
A_IPS
— — (T2)d
A—P(TZ)dd' = — (37)
(T2)d’
AA—Pdd/ = A—P(TZ)dd’ _A—Pdd/ (38)

It is clear from this formulation that AA/j’dd, is
the difference between two ratio estimates. Nonethe-
less, the general form for the estimated variance of
AA/_73dd/ conforms to typical construction:

V<AA/_\Pdd/) = V(A/_\Pdd/) + V(A/—7)(T2)dd’) - ZCOV(A/_\Pdd/,A/_\P(Tz)dd/)
(39)

Methods for estimating v(ﬁdd/) and V(A/—7)(T2)dd/)
have been presented in previous sections, i.e., Egs.
(15)—(18). Thus, the remaining challenge is to esti-
mate cov(ﬁdd,,@(rz)dd,). Cochran (1977) pre-
scribes a general form for estimating the covariance
between two ratios. Adapting that to the situation of
FIA IPS estimation suggests the specification for stra-
tum 4 in estimation unit g is:

(AJ PSiaA_IPS 1oy0nia — A_P gaar A_PS (rayghiaA ghiar (40)

—A_P12)ghaar AAPS ghigArayghiar + AP ghaa A_P, (T2)ghdd’Aghid’A(TZ)ghid’)

where Ay = Agpy WAy and A, 0 = Aoy g WA, 3T€
the estimated total land area in domain d’ for stratum
h and estimation unit g for T1 and T2, respectively.
However, there are instances where Aghd/ = 0 and/or
A(r2)gne = 0 which produces an undefined result when
Eq. (40) is used. An alternative approach is presented

that uses the state-level calculations of land area such
that division by zero is more easily avoided. For this
method, estimation of the covariance between the
two ratio estimates begins by obtaining all the rele-
vant pairwise covariances within the 2=1 to H strata
in each of the g=1 to G estimation units. Using the
same formulation as Eq. (33), these estimates are:

Z:lihl (A—IP Senia —A_IP Sghd) (A—IP Scr2)ghia — A_LP S(TZ)ghd) 41)

COV(A_IPS 314, A_IPS 19)0pa) =

Ngy(gy — 1)

@ Springer
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Z,-ihl (Aghid’ - Aghd’) (A(T2)ghid’ = A2)gha ) (42)

Ngp(Mg — 1)

COV(Aghd’ N A(Tz)ghd’) =

Z:lih] (A—IP S onia —A_IP Sghd) (A(TZ)ghid’ - K(Tz)ghgz'>

—pc I 43)
cov(A_IPS, ;1. Acyyrng) = (
8 (T2)g ngh(ngh -1
" — -
A AT ) Z;hl (Aghid’ — Aghar ) <A—I PSra)ghia — AP S(Tz)ghd> (44)
Covilgnar» AAED(12)ha) =
8 (T2)g ngh(ngh -1
Now obtain each estimated covariance for estimation
unit g following the standard approach, e.g., for
cov (A_IPSgd,A_IPS(Tz)gd ):
. A2y . u 45)
cov(AJPSgd,AJPS(TZ)gd) =L [Z thWghnghcov(AJPSghd,AJPS(TZ)KM) + Y gh)—c()v(A IPS s A_ IPS(Tz)ghd>]
8 8
Pe/r\forrr/l\ analogous cal/ctiatloni to estimate c 0v< A_IPS,, m(rz)d) _ Z;C w( mgd’ mg(n)gd)
cov( Aggrs Araygar ), cov(A_IPSgd,A(Tz)gd, >, and 46)
cov Agd/,A_IPS(n)gd/ . In typical fashion, obtain the o
estimated state-level statistics by summing over the G Obtain  the  values for  cov <AduA(T2)d'),
estimation units: cov (m d,g(n)d, ), and cov(gd,,m(n)a simi-

larly and estlmate the overall covariance between the
ratios A_F _P,yand AF _P (724 from:

cov <A IPS,.A IPS(TM) —A_P,ycov (Kd, : /fﬁs*(md)
d’A(TZ)d’ (47)
—A_P(Tz) ' COV (A_IPS > A(TZ) & ) +A_P dd,A_P(m ' COV (A > A(TZ) & ) ]

cov (A_Pdd,,A_P(mdd,) —=

The key difference between Eqgs. (47) and (40) is This circumstance should be rare relative to zero esti-
the term —=——, which is only undefined when the mated area in domain d’ at either the post-stratum £

d! A(T2)d! . . .
. - T r estimation unit g levels.
estimated area in domain d’ is zero at the state level. or estimation unit g levels

@ Springer
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Changes in estimates of IPS cover proportion over
time essentially follow the same estimation process
where notationally A_/PS would be replaced by C*

o 1
COV<C*—Pdd” C*—P(n)dd') ==
ATy

—

throughout using Egs. (36)—(47). For example, the
covariance in Eq. (47) would take the form of:

[cov(C;‘,, C:T2)d) — C*_P cov (Ad,, C:T2)d)

(48)

PN R S
~CPirnarcor(Civ A ) + C_Pus € Perarcov(Ag A )]

Once the calculations have been completed based
on C* data, the final state-level proportion change
estimates are defined as:

v(AC{*—_\Pdd/ ) = v(é__\l’dd/) + v(Cﬁj’(n)dd/) - 2cov<5*__\l’dd/ s @(TZ)LIJ’ )
(50)

For all estimations, the standard error (se) of the
estimate (generically indicated as *) is obtained from
the square root of the variance:

se(*) = 4/v(%) (51)
The percent sampling error is calculated as:
%ose() = @ 100 (52)

[0

Approximate 95% confidence interval bounds for a
given estimate were + z;_, /2se(-) where z;_, , = 1.96
under an assumed normal distribution.

Application to urban FIA

The Urban FIA program uses a different plot con-
figuration than that of the standard NFI. In this
case, the plot consists of a single circular plot hav-
ing a radius of 14.63 m (48 ft). Further, the IPS
data collection protocols are applied to the entire
plot area, including nonforest land and water.
Given that, the land domain of interest needs to be
carefully considered since classes such as water are
included and the user might prefer to exclude these
areas in the domain specification. There is also the
opportunity to customize the estimation realm to
nonforest land or subsets thereof, e.g., residential

land use class. In this example, the estimate would
be the proportion of residential land area that has a
given IPS present.

Essentially, the calculations described above
are applicable to estimates from Urban FIA except
there are no longer four subplots. Thus, the primary
modification to the relevant equations is to exclude
the summation over the j subplots. Respecifying
Eq. (1) for Urban FIA would therefore be:

A0
AIPS iy = 3" il T (53)
Pgh

where A, is the land area in domain d of condi-
tion k within plot i of stratum 4 in estimation unit g.
Users desiring estimates based on certain land use
types can do so when specifying the domain d. When
making area proportion estimates, Eq. (9) would be
modified in the same manner to accommodate the
urban data collection protocols. Equations (19) and
(20) can be consolidated because there are no subplot
calculations:

. K ConikOghika
Conia = Zk:l 7 (54
gh

Once the desired plot-level observations have
been generated, the NFI equations described previ-
ously can be used to obtain the desired estimates for
urban populations.

Example calculations

Example calculations were developed for a selected
subset of the estimation procedures described above.
The MD data described previously were used with a
domain d specification of all IPS on forest land; i.e.,
the condition is in the domain if the condition is for-
ested and has any IPS present. For area and cover

@ Springer
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Table 2 Estimates,

Attribut Estimat . ose(- 95% CI 95% CI
standard errors se(-). ribute stimate se(-) ose(-) o CI. o Cly
percent sampling errors A 1PS 484,919.2 78,171.9 16.12 331,702.3 638,136.1
%se(-), and 95% confidence — 7 Pd
intervals (lower bound AA_IPS, —14,267.0 5125.4 35.93 —24,312.9 —42212
CI,, upper bound Cly) AP, 0.506 0.075 14.91 0.36 0.65
for example calculations. —

Estimates, standard errors, AP, —0.006 0.108 1924.37 -0.22 0.21

and confidence interval os 146,422.6 36,203.5 24.73 75,463.8 217,381.5

bounds are in hectares for .

A_IPS,, AA_IPS,C, and ACY 57133 1374.6 24.06 3019.1 8407.6

AC units of prOportion C/*\pdd, 0.153 0.085 55.34 -0.01 0.32
therwi -

OHIenIse ACP, 0.009 0.121 1346.74 -023 0.25

proportion estimates, the domain d’ is forest land.
The plot-level values created under this construct and
used in calculations are provided as Supp. 1. The rele-
vant summary statistics based on these data are given
at the post-stratum /, estimation unit g, and state of
MD levels of aggregation in Supp. 2. Specifically, the
examples include estimations for IPS presence area
(md) IPS presence area change (AA/I?Sd) 1PS
presence area proport10n (A _P,), IPS presence area
proportion change (AA Pdd,) IPS cover area (C*)
IPS cover area change (AC*) IPS cover area propor-
tion (@’dd/), and IPS cover area proportion change
(A@dd,). A summary of the results is given in
Table 2.

Discussion

Of particular relevance when interpreting the results
of the example calculations are those resulting from
the 2019 MD data that represent actual plot obser-
vations. Specifically, it was estimated that over 50%
(A_P = 0.506) of forest land in MD has an IPS pre-
sent. However, this estimate is not highly precise as
indicated by the 95% confidence interval being (0.36,
0.65). The interpretation is that if many independent
inventories of IPS were conducted in MD using the
same sample design and number of plots, it would
be expected that 95% of those inventories would pro-
duce 95% confidence intervals that would contain the
true proportion. Similarly, the area proportion of IPS
foliar cover suggests about 15% (C/*_\Pdd, = 0.153) of
forest land is affected and the 95% confidence inter-
val is (—=0.01, 0.32). The interpretation of the confi-
dence interval remains as described above, but clearly
a negative value of IPS cover is not possible. The

@ Springer

inclusion of 0 in the confidence interval indicates the
estimate of 0.153 is not statistically different from
zero (at the 95% confidence level). Thus, it would be
expected that some estimates of zero IPS foliar cover
would occur if the sampling process and estimation
were repeated a large number of times. Nonetheless,
for this sample, it is clear that IPS cover is greater
than zero in the population because IPS were found
on some plots. From a statistical hypothesis testing
perspective, where the null hypothesis is C*_P,, =
0, the results indicate there is inadequate evidence to
reject the null hypothesis based on the sample size
used in this study. However, clearly C*_P,, > 0 and
thus a type II error has occurred (Fairweather, 1991).

The purpose of the synthetic change data was to
illustrate change estlmatlon calculatlons therefore
results for AA/IFS‘[,, AA_P Py, AC and AC*_F P
cannot be taken as actual estimates of change in IPS
area or cover in MD forests. The synthetic data were
constructed with changes in both IPS and forest area
to illustrate the importance of accounting for both
when estimating proportional change (AA/_TDM and
Aﬁdd/) Estimates of change in the proportion
of area and cover were relatively small (AA_P P,y =
—0.006, AC*_F _P,» = 0.009). Small change estimates
are often accompanied by associated %se(-) that are
extraordinarily large; in this case, the standard errors
are > 1000% of the estimates. This outcome highlights
the difficulty in obtaining precise estimates of change
proportions using IPS data when change is at very
small levels. However, when the IPS proportional
change is small, the estimate becomes less relevant
to decision makers and large sampling errors may be
inconsequential. If data consumers require precise
estimates of change regardless of the magnitude of
the estimate, possible remedies under the proposed
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estimation framework include using a more specific
source of auxiliary data for post-stratification that is
highly correlated with IPS change (Haakana et al.,
2019) or dramatically increasing sample sizes. Alter-
natively, other types of estimators could be consid-
ered but investigation would be needed to understand
any potential efficiency gains (Moisen et al., 2022).

The examples provided above comprise a small
number of potential information needs specific to
relevant managerial or policy questions. Alternative
estimates, e.g., those pertaining to a single species,
are easily constructed via definition of the domain d.
In this context, there may be situations where a spe-
cies of interest has not been found on any sample
plots and thus all plots will be zero-valued, resulting
in estimates and associated variances that are zero.
For estimations of change, some estimated covari-
ances may also be zero. Regardless, practitioners
should not be concerned in these cases and continue
with the estimation process as described to obtain the
desired results.

Interpretation of NFI estimates under the above
framework hinges partly on the meaning of “pres-
ence” in relation to the FIA plot design (Fig. 1). It is
important to note that estimates of total IPS presence
area are dependent on the size of the plot in a manner
similar to other occupancy estimates used in ecology
such as species-area curves (Condit et al., 1996). FIA
uses a single stage cluster plot design with a triangular
array of four 7.3-m radius circular subplots (Fig. 1). If
there is an IPS occurrence on forest land within 7.3 m
of the subplot center point, the forest condition area
is labeled as “IPS present” and plot level presence
area proportion values are generated through aggrega-
tion of subplot condition areas having IPS presence.
In the IPS occupancy context, the areas within each
of the four 7.3-m radius subplots having IPS presence
provide the basis for observation. Therefore, it would
be appropriate to consider the support area used to
define presence as being forest land within 7.3 m of a
given location in the study area. This differs from the
interpretation of traditional FIA results, which are not
directly tied to the plot size used.

Users preferring a different scale of interpretation,
such as at the plot scale, should be able to modify the
provided equations accordingly. In this case, the area
being sampled by the plot would be considered to be

the 43.9-m radius circular area that circumscribes
the plot (Fig. 1). Plot values would be determined
by assessing IPS presence area at the plot scale, i.e.,
simultaneously across all subplots combined. For
example, in Fig. 1, the current approach would assign a
plot-level value of 0.25 to IPS presence for each of the
species shown; a plot-scale approach would assign a
value of 1. This means that with the subplot approach,
the furthest distance an IPS can be from any subplot
center to be considered present is 7.3 m, whereas with
the plot approach, the furthest distance from plot center
would be 43.9 m. The choice of a plot-level vs. a sub-
plot-level support region depends upon the desired
information needs. For example, if one assumes that
IPS impacts on some phenomenon of interest (e.g.,
tree regeneration) is limited to a small area around the
location of that phenomenon, then a subplot support
region may be appropriate. Alternatively, if the analyst
believes that IPS within the general area of a phenom-
enon (e.g., IPS colonization risk), then a larger support
might be more suitable. Given that the outcomes are
directly dependent on the underlying support area for
presence classification, data users should be cognizant
of the convention being used and how that may affect
the interpretation of the results.

Conclusion

Due to the importance of IPS information in land
management decision making, it is essential that IPS
data consumers are provided with scientifically cred-
ible estimates and associated measures of reliability.
The documentation of estimation methods perti-
nent to IPS data collected by FIA provides a general
framework that should accommodate information
needs such as basic area estimates and those area
estimates as proportions of underlying land areas of
interest. Methods for estimation of change over time
are also included, which may be equally or more
important than current status assessments for evalua-
tion of threat increase or persistence. These methods
may be applicable to IPS data collected in a similar
manner in other forest inventory efforts. There may
also be extensions to other inventory data where pres-
ence and cover data are commonly collected such as
understory vegetation.
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