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Abstract  Forest resource reporting techniques primar-
ily use the two most recent measurements for under-
standing forest change. Multiple remeasurements now 
exist within the US national forest inventory (NFI), 
providing an opportunity to examine long-term forest 
demographics. We leverage two decades of remeasure-
ments to quantify live-dead wood demographics which 
can better inform estimates of resource changes in forest 
ecosystems. Our overall objective is to identify opportu-
nities and gaps in tracking 20 years of forest demograph-
ics within the US NFI using east Texas as a pilot study 
region given its diversity of tree species, prevalence of 
managed conditions, frequency of disturbances, and rela-
tively rapid change driven by a warm, humid climate. We 
examine growth and mortality rates, identify transitions 
to downed dead wood/litter and removal via harvest, 
and describe implications of these processes focusing 
on key species groups (i.e., loblolly pine, post oak, and 

water oak) and size classes (i.e., saplings, small and large 
trees). Growth and mortality rates fluctuated differently 
over time by species and stem sizes in response to large-
scale disturbances, namely the 2011 drought in Texas. 
Tree-fall rates were highest in saplings and snag-fall rates 
trended higher in smaller trees. For removal rates, differ-
ent stem sizes generally followed similar patterns within 
each species group. Forest demographics from the field-
based US NFI are informative for identifying diffuse 
lagged mortality, species- and size-specific effects, and 
management effects. Moreover, researchers continually 
seek to employ ancillary data and develop new statisti-
cal methods to enhance understanding of forest resource 
changes from field-based inventories.
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Introduction

The frequency and intensity of natural disturbances 
have increased relative to historic levels in forest eco-
systems, changing growth and mortality rates, decom-
position processes, and the accumulation, transfer, 
and emissions of tree-based carbon in forests (Som-
merfeld et  al., 2018). Tree demographic rates are at 
the heart of biomass and carbon fluxes within forested 
ecosystems, as it is the change in status of individual 
stems that ultimately informs the movement of these 
materials. Carbon estimation and greenhouse gas 
emissions estimation (e.g., the US Greenhouse Gas 
Inventory, EPA, 2022) rely, in part, on data from the 
US national forest inventory (NFI) which is admin-
istered and executed by the US Department of Agri-
culture Forest Service, Forest Inventory and Analysis 
(FIA) program (McRoberts et  al., 2005). For over 
two decades (since the 1998 Farm Bill), the FIA pro-
gram has applied a largely standardized inventory 
protocol across all states and territories of the USA. 
Agencies such as the National Aeronautics and Space 
Administration (NASA) and the US Geological Sur-
vey (USGS) have invested in monitoring programs 
(e.g., orbiting carbon observatories, space-based 
lidar) that provide research platforms for refining our 
understanding of global carbon dynamics. Yet, FIA 
is uniquely suited to inform forest resource manage-
ment, including carbon, given the detailed plot, site 
condition, and tree-level information across tree sizes 
(e.g., seedling to mature trees) collected and rigor-
ous tracking and remeasuring of individual plots and 
trees over the last two decades (Tinkham et al., 2018). 
However, there remains a need to understand how 
FIA’s quantification of long-term demographics can 
provide greater context and resolution to temporal 
changes in forest resources.

Estimates of live and dead wood volume, biomass, 
and carbon stocks in US forest ecosystems are cur-
rently obtained from models relying on tree meas-
urements and site-level characteristics available on 
all core FIA plots (i.e., live and standing dead trees) 
or on a subset of FIA plots (i.e., downed dead wood) 
(Domke et  al., 2022). Collectively, these estimates 
represent a field-based measurement of the live and 
coarse dead wood organic matter at each point in 
time. Changes in these forest ecosystem pools are 
then inferred over measurement cycles via remeas-
urements at discrete points in time. This approach, 

broadly defined as the “stock difference method” 
(IPCC, 2006), is widely accepted for the estimation 
of stock changes using permanent NFI plot remeas-
urements. However, there is the potential for incon-
sistencies in stock transfers due to differences in 
sample protocols and unaccounted transfers (Domke 
et  al., 2014; McRoberts et  al., 2005; Woodall et  al., 
2019). Conceptually, the transitions of stems between 
various states and pools have been extensively docu-
mented (Garbarino et al., 2015; Harmon et al., 1986; 
Vanderwel et  al., 2006). Woods et  al (2021) exam-
ined the successional dynamics of old-growth forests 
around the world by using various long-term, local-
scale datasets. While informative, their results were 
limited by inconsistencies across inventory proto-
cols. Many studies specifically using FIA data have 
produced examinations of mortality trends (Dietze 
& Moorcroft, 2011; Lines et al., 2010), downed dead 
wood decomposition (Russell et  al., 2013, 2014), 
drivers of standing dead wood fall rates (Oberle et al., 
2018), and shifts in community composition (Knott 
et  al., 2022). Yet, there remains limited work using 
FIA remeasurement data to examine long-term, lon-
gitudinal trends of holistic tree demographics.

Within FIA, the frequency of remeasurements dif-
fers within the eastern and western portions of the 
contiguous USA (primarily divided by the Missis-
sippi River), i.e., 5- or 7-year vs. 10-year remeasure-
ments, respectively. Thus, with the standardization 
of remeasurement protocols roughly two decades 
ago (McRoberts et  al., 2005), areas within the east-
ern USA provide the best opportunity to quantify 
long-term demographics using FIA data over rela-
tively short remeasurement periods. Moreover, with 
the contiguous USA spanning the temperate forest 
biome, the southern USA offers the best potential to 
observe changes in demographic rates over two dec-
ades given the warm, humid, and disturbance-prone 
nature of the region. East Texas has up to five consec-
utive measurements of plots and, although east Texas 
is a relatively small region of the USA, it provides an 
ideal case study for examining demographic trends 
for several reasons. Specifically, forests in east Texas 
are very diverse in terms of species (Marks & Har-
combe, 1975), it is a highly productive region with 
intensively managed plantations and many unman-
aged areas (Fox et al., 2007; Edgar & Zehnder, 2017), 
disturbances are frequent ranging from small to large 
scale (Edgar et  al., 2019; Glitzenstein et  al., 1986; 
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Hoerling et al., 2013), and the warm, humid climate 
causes a rapid change of both live and dead stems 
(Edgar et al., 2019; Klockow et al., 2018). Moreover, 
noteworthy disturbances occurred over the annual 
inventory which began in 2001 including five major 
hurricanes, i.e., Rita in 2005, Ike in 2008, Harvey in 
2017, and Laura/Delta in 2020 (among other smaller 
hurricanes/tropical storms), and the worst drought 
ever recorded in Texas from September 2010 to Octo-
ber 2011 which affected the entire state (Hoerling 
et al., 2013; Nielsen-Gammon, 2012). These frequent, 
large-scale disturbances provide important context for 
examining demographic trends across FIA’s large-
scale inventory network and how they potentially 
drive resource changes in forest ecosystems.

Forest resource reporting techniques primar-
ily focus on the two most recent measurements for 
understanding forest resource changes and may not 
realize more nuanced dynamics achieved by observ-
ing successive field plot measurements. By leveraging 
two decades of remeasurements, we intend to quan-
tify live-dead wood demographics and, ultimately, 
better inform estimates and fluxes of stems in for-
est ecosystems. Our overall objective is to identify 
opportunities and gaps in tracking the demographics 
and dynamics of stems over multiple remeasurements 
within the FIA inventory framework using east Texas 
as a pilot study. Specifically, we will (1) examine 
growth and mortality rates of live stems over mul-
tiple remeasurements occurring between 2001 and 
2021, (2) identify the long-term dynamics of stand-
ing stem removals and transitions to the downed dead 
wood pool, and (3) describe the nuances and implica-
tions of these processes within the context of the FIA 
inventory framework and associated forest dynamics 
assessments.

Materials and methods

Study area

East Texas has a sub-humid climate, receiving 
between 990 and 1600  mm of annual rainfall and 
warm annual temperatures between 16 and 23  °C 
(USDA NRCS, 2006). Given this, woody stem tran-
sitions (e.g., decomposition of dead wood) in warm, 
humid east Texas can occur rapidly (Klockow et al., 
2018; Oberle et  al., 2018; Zhang et  al., 2016). In 

addition, east Texas experiences frequent, diverse, 
and large-scale disturbances including wildfires, 
drought, insect outbreaks, hurricanes, and wind 
events, as well as intensive management practices 
(e.g., plantations, regular prescribed fires) (Edgar & 
Zehnder, 2017; Edgar et al., 2019). These character-
istics will allow us to obtain a comprehensive assess-
ment of individual tree demography as trees and plots 
experience rapid change via climate, disturbance, and 
management.

East Texas represents the western extent of West 
Gulf Coastal Plain forests and is a highly produc-
tive and species-diverse region heavily dominated 
by pine, similar to much of the southeastern USA. 
Loblolly pine (Pinus taeda L.) is the most dominant 
softwood species occurring in both intensively man-
aged plantations and naturally regenerated condi-
tions (Edgar & Zehnder, 2017; Klockow et al., 2020). 
Hardwood species consist primarily of oaks, with the 
dominant oak species being post oak (Quercus stel‑
lata Wangenh.) and water oak (Quercus nigra L.) 
which generally occur in drier, upland conditions and 
moist, bottomland conditions, respectively (Burns & 
Honkala, 1990). Here, we focus on these four groups 
(i.e., planted loblolly, naturally regenerated loblolly, 
post oak, and water oak) given their prevalence 
throughout the region. Also, they provide an oppor-
tunity to examine trends in both softwoods and hard-
woods, managed and unmanaged (i.e., loblolly pine), 
and differing physiographic preferences (i.e., post oak 
and water oak).

Data

The FIA program collects field data from a network 
of spatially balanced inventory plots laid out across 
the country (Bechtold & Patterson, 2005). A spatially 
even subset of these plots, termed a panel, is sampled 
annually, providing a statistically independent sam-
ple across the spatial extent of a given state or region 
every year. Panels of plots are remeasured at 5-, 7-, 
or 10-year intervals (or “remeasurement periods”) 
with all plots in a region measured over this inter-
val, termed a measurement “cycle.” In east Texas, 
the annual inventory was initiated in 2001. The initial 
collection of these annual panel plot data was over a 
3-year “accelerated” measurement cycle (i.e., one-
third of plots measured annually from 2001 to 2003) 
with 5-year measurement cycles starting in 2004 (i.e., 
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one-fifth of plots measured annually). Currently, all 
plots in east Texas have four total measurements and 
approximately 60% have five total measurements. 
Measurement cycles include 2001–2003, 2004–2008, 
2009–2013, 2014–2018, and 2019–2021 (i.e., three 
panels of data available in the most recent cycle). We 
leverage these two decades of plot measurements to 
assess our objectives.

Plot layout consists of four total subplots, one 
central subplot and three additional subplots located 
at azimuths of 0, 120, and 240 relative to the cen-
tral subplot with subplot centers 36.6 m apart. Each 
subplot comprises approximately 168.2 m2 for a 
full plot total of approximately 672.8 m2 and rep-
resents approximately 2400  ha on the landscape. 
Standing woody stems are classed into saplings 
(i.e., 2.54  cm ≤ DBH < 12.7  cm) and trees (i.e., 
DBH ≥ 12.7  cm). Trees are tallied on all subplots 
while saplings are tallied on four microplots, com-
prising 13.5 m2 in each subplot for a total of 54 m2 
in each full plot. Individual saplings/trees are classi-
fied as either live or dead at each measurement, where 
stems are alive if they have any living parts (leaves, 
buds, cambium) at or above the point of diameter 
measurement, and this includes temporarily defoli-
ated saplings/trees. Dead stems are further classified 
as standing or not (i.e., downed dead wood), where 
standing dead stems are at least 1.4  m tall and lean 
less than 45° from vertical. Standing dead stems con-
tinue to be measured at each plot visit until they no 
longer meet the criteria of a standing dead tree at 
which point, they are measured once more, classified 
as not standing dead, and no longer measured at sub-
sequent plot visits. Live or dead trees that have been 
harvested (i.e., cut and removed from the plot) are 
classified as removed at the first plot visit after har-
vest. Even though the stem is no longer present, the 
stump of the previously live or dead tree remains and 
provides the evidence that the stem was harvested.

Measurements are collected across multiple levels 
including plots, conditions (i.e., mapped domains on 
plots), and trees. At least two types of conditions are 
identified on plots, forested or non-forested condi-
tions, with forested conditions defined as > 10% tree 
canopy cover. For our purposes, data from the FIA 
database for east Texas were joined from the plot, 
condition, and tree tables to link individual plots and 
trees across all available measurements. Any indi-
vidual condition (e.g., forest type or ownership class) 

cannot always be tracked over multiple remeasure-
ments given their temporally dynamic nature. How-
ever, the conditions on an individual plot and asso-
ciated with any particular tree can be tracked. Once 
plot, condition, and tree data were merged and linked 
across cycles, we identified those plots that were 
measured continuously through all available measure-
ments. Thus, we have a common and consistent base 
of plots and trees for comparison across measure-
ment cycles. From these plots, our sample included 
stems that existed in the first measurement cycle and 
those that appeared in any subsequent measurement 
cycle (i.e., ingrowth) as long as they had at least two 
consecutive measurements. We focus specifically on 
measurements of individual stems (as opposed to 
plot-level estimates, e.g., the number of stems or bio-
mass or carbon per hectare within east Texas) as our 
goal was to understand demographics at a base level 
and how well the US NFI captures those demograph-
ics using east Texas as a pilot study region.

Demographic metrics and analyses

We examined four different categories of demograph-
ics, growth rates, mortality rates, stem-fall rates, and 
removal rates, in saplings and trees and subsequent 
transition rates out of the sample, i.e., to downed 
dead wood or litter/forest floor which encompass dif-
ferent measurement protocols that no longer track 
previously standing stems. We calculated demo-
graphic metrics separately for three different size 
classes including saplings 12.7  cm > DBH ≥ 2.54; 
small trees 25.4 cm > DBH ≥ 12.7 cm; and large trees 
DBH ≥ 25.4  cm. This provides consistency for com-
parison of growth, mortality, stem-fall rates, and 
removals.

Growth rates

For relative growth rate, we selected all remeasured, 
live stems that were ≥ 2.54 cm DBH in forested con-
ditions on continuously measured plots. Live refers to 
the stem being alive at the initial measurement and at 
the next measurement of each remeasurement period; 
thus, growths from stems that were alive at the initial 
measurement and dead at the remeasurement were 
not included in growth rate calculations. Relative 
growth rates were calculated for each stem over each 
remeasurement period using the formula for mean 



Environ Monit Assess (2023) 195:1478	

1 3

Page 5 of 26  1478

Vol.: (0123456789)

annual growth rate based on basal area, also referred 
to as periodic relative increment (Hunt, 1982; Pom-
merening & Muszta, 2016; Pile Knapp et al., 2021):

where Gr is the relative growth rate; BA1 and BA2 are 
the basal area (cross-sectional stem area at DBH) of a 
stem at initial measurement (BA1) and remeasurement 
(BA2), respectively; and t is the remeasurement period 
in years between initial measurement and remeasure-
ment. This metric provides a standardized measure of 
growth for trees of various sizes (Pile Knapp et  al., 
2021) and remeasured over varying time intervals. 
Additionally, the three size classes of stems were 
analyzed separately to account for growth differences 
based on stem size since basal area growth tends to 
decrease as trees get larger (Pommerening & Muszta, 
2016; Pile Knapp et al., 2021). Relative growth rates 
were averaged across all stems by size class and plot-
ted with standard errors for each measurement cycle.

Mortality rates

For mortality rate calculations, we selected all 
remeasured stems, ≥ 2.54 cm DBH in forested condi-
tions and on continuously measured plots. Stems were 
alive at the initial measurement and alive or dead 
at the next measurement for each remeasurement 
period. All harvested stems were excluded from these 
analyses, i.e., mortality rates do not include stems 
that were cut. Note that stems that were alive at initial 
measurement, died, and were subsequently removed 
before remeasurement were not able to be determined 
and are not counted in mortality rate calculations. 
These stems are instead included in removal rates 
further below. Annual mortality rates were calculated 
using the formula from Sheil et al (1995):

where M is the annual mortality rate, No,M is the num-
ber of live trees in an initial measurement for mortal-
ity rate calculations, Nt,M is the number of trees that 
died between each remeasurement period for mor-
tality rate calculations, and t is the remeasurement 
period in years. The remeasurement period for plots 

(1)G
r
=

(

ln BA2 − ln BA1

)

t
,

(2)M = 1 −

[

1 −
N
t,M

N
o,M

]
1

t

,

in east Texas can vary approximately by ± 1 year due 
to logistics, access, etc. Given this, we calculated a 
weighted average of mortality rates as in Woods et al. 
(2021) to account for this variation in the remeasure-
ment period. Specifically, we rounded remeasurement 
period years from tenths of a year (i.e., as reported 
in FIA’s public database) to the nearest whole inte-
ger to provide larger sample sizes for calculation of 
weights (e.g., one stem for each of t = 5.1, 5.4, and 5.3 
was modified to be three stems with t = 5). Next, we 
calculated mortality rates for each group of trees cor-
responding to each adjusted remeasurement period, 
calculated weights based on the number of stems for 
each adjusted remeasurement period (i.e., propor-
tion of all stems), and calculated a weighted average 
of mortality rates for each full measurement cycle. 
Although the nature of the mortality formula and data 
did not allow for calculations of error (i.e., standard 
deviation or 95% confidence interval), we are able to 
report trends, consistency, and order across multiple 
measurement cycles. The three size classes of stems 
were analyzed separately to account for differences 
in mortality rates since these can vary by size (i.e., 
greater in smaller and often larger stems; Lines et al. 
(2010), Dietze and Moorcroft (2011), Klockow et al. 
(2020)).

Stem‑fall rates

Transitions of stems from standing to downed are 
not often reported or studied using remeasurements. 
Conveniently, however, they represent a similar 
binary process as mortality and removals in that a 
stem is either standing (i.e., > 1.4  m tall and lean-
ing < 45° from vertical) or downed (i.e., > 1.4 m tall 
and leaning ≥ 45° from vertical) after a period of 
time. We focus on two distinct processes inherent 
in stem-fall calculations for remeasured inventory 
plots: (1) trees that were alive at initial measure-
ment and standing dead or downed at remeasure-
ment, termed “tree-fall,” and (2) trees that were 
standing dead at initial measurement and standing 
dead or downed at remeasurement, termed “snag-
fall.” For stem-fall rate calculations, we selected 
all remeasured stems (≥ 2.54  cm DBH for tree-fall 
and ≥ 12.7 cm DBH for snag-fall), in forested con-
ditions and consistently measured plots. The stand-
ing dead status of saplings was not recorded until 
the inventory year 2016. Given this, there are no 
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or very minimal remeasurements of saplings with 
standing dead status codes available and we are thus 
unable to calculate snag-fall rates of saplings. All 
harvested stems were excluded from these analyses, 
i.e., stem-fall rates do not include stems that were 
cut. Annual stem-fall rates were calculated using 
the same formula as for mortality and removals 
(Sheil et al., 1995):

where F is the annual stem-fall rate, No,F is the num-
ber of standing trees at initial measurement for stem-
fall calculations, Nt,F is the number of trees that fell 
between each remeasurement period for stem-fall cal-
culations, and t is the remeasurement period in years. 
As with mortality and removal rates, we rounded 
remeasurement period years from tenths of a year 
to the nearest whole integer for the same reasons. 
Next, we calculated stem-fall rates for each group of 
trees corresponding to each adjusted remeasurement 
period, calculated weights based on the number of 
stems for each adjusted remeasurement period (i.e., 
proportion of all stems), and calculated a weighted 
average of fall rates for each measurement cycle. 
These methods were applied to both the tree-fall and 
snag-fall groups separately. As noted for mortality 
and removal rates, although the nature of the mortal-
ity formula and data did not allow for calculations 
of error (i.e., standard deviation or 95% confidence 
interval), we are able to report trends, consistency, 
and order across multiple measurement cycles. The 
two size classes of tree stems were analyzed sepa-
rately adding greater resolution to stem-fall rates as 
these can vary by tree size (Oberle et al., 2018; Van-
derwel et al., 2006).

Removal rates

For removal rate calculations, we selected all 
remeasured stems, ≥ 2.54  cm DBH in forested 
conditions and on continuously measured plots. 
Stems were uncut (i.e., alive or dead) at the initial 
measurement and cut (i.e., removed) or uncut at 
the next measurement. Annual removal rates were 
calculated using the formula for mortality from 
Sheil et al (1995):

(3)F = 1 −

[

1 −
N
t,F

N
o,F

]
1

t

,

where R is the annual removal rate, No,R is the num-
ber of uncut trees in an initial measurement for 
removal rate calculations, Nt,R is the number of trees 
that were cut between each remeasurement period 
for removal rate calculations, and t is the remeasure-
ment period in years. As with mortality and stem-fall 
rates, we rounded remeasurement period years from 
tenths of a year to the nearest whole integer for the 
same reasons. Next, we calculated removal rates for 
each group of trees corresponding to each adjusted 
remeasurement period, calculated weights based on 
the number of stems for each adjusted remeasurement 
period (i.e., proportion of all stems), and calculated a 
weighted average of removal rates for each measure-
ment cycle. As noted for mortality and stem-fall rates, 
although the nature of the mortality formula and data 
did not allow for calculations of error (i.e., standard 
deviation or 95% confidence interval), we are able to 
report trends, consistency, and order across multiple 
measurement cycles. The three size classes of stems 
were analyzed separately adding greater resolution to 
removal rates.

Results

Data used to determine demographic rates are sum-
marized by each demographic category and pre-
sented in tables. Summarized data include number of 
plots, median DBH, maximum DBH, and number of 
stems by species group, measurement cycle, and size 
class. Summaries for growth rate data are in Table 1, 
mortality rate data in Table  2, tree-fall rate data in 
Table  3, snag-fall rate data in Table  4, and removal 
rate data in Table 5.

Growth rates

Growth rate trends by size classes were consistent 
across the species groups examined and were con-
sistently highest in saplings, followed by small trees, 
and lowest in large trees (Fig.  1, Table S1). Growth 
rates were highest in planted loblolly saplings vary-
ing between approximately 7.5 and 1%/year, while 
growth rates varied between approximately 1 and 

(4)R = 1 −

[

1 −
N
t,R

N
o,R

]
1

t

,
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5.5%/year for all other species groups and size 
classes. Growth was relatively stable for all species, 
primarily small and large trees across all measure-
ment cycles. Growth declined for all groups and size 
classes during the measurement cycle encompassing 
the 2011 drought (i.e., 2009–2013) with the excep-
tion of small post oak and large water and post oak 
trees. Post oak tree growth remained stable during 
the remeasurement periods encompassing the 2011 
drought and increased slightly in each measurement 
cycle thereafter. Trees in both loblolly pine groups 
showed decreased growth in the measurement cycle 
after the drought (i.e., 2014–2018). Interestingly, 
growth rates of pine saplings increased while oak 
sapling growth rates continued to decline after the 
drought, showing opposite trends. Also, growth rates 
of oak trees continued increasing after the drought 

while oak sapling growth rates continued declining 
after the drought.

Mortality rates

Saplings consistently showed the highest mor-
tality rates across all species and measurement 
cycles, with the highest rates in naturally regener-
ated loblolly pine (i.e., approximately 5–8%, Fig. 2, 
Table S1). Mortality rates varied the least for both 
small and large planted loblolly pine trees (i.e., 
approximately 1% or less) and varied the most for 
both small and large water oak trees (i.e., approxi-
mately < 1% up to 3%). Notably, the impact of the 
2011 drought on stem mortality is clearly evident 
once it became part of the measurement cycle (i.e., 

Fig. 1   Mean relative basal area growth rates with standard 
errors (colored dashed lines) across all cycles and all species 
groups examined by size classes on forested land. Inventory 
years shown indicate the starting year of measurement cycles 
(i.e., 2004–2008, 2009–2013, 2014–2018, 2019–2021). Ver-

tical black dashed lines at 2005, 2008, 2011, 2017, and 2020 
highlight the timing of notable major disturbances including 
Hurricane Rita, Hurricane Ike, the 2011 drought, Hurricane 
Harvey, and Hurricanes Laura/Delta, respectively
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2009–2013) with mortality rates increasing for all 
species groups and size classes. Mortality rates con-
tinued increasing into the next measurement cycle 
following the drought (i.e., 2014–2018) for smaller 
pine and water oak trees and for all post oak trees. 
Mortality rates stabilized or decreased for larger 
pine and water oak trees in the measurement cycle 
after the drought. Of the large tree size group, 
only post oak trees showed a continued increase in 
mortality rates in the measurement cycle after the 
drought (i.e., 2014–2018). Interestingly, all species 
of trees showed decreased mortality rates and reor-
dering by size class in the most recent measurement 
cycle (i.e., 2019–2021), approximately reaching 
rates and orders in the measurement cycle preced-
ing the drought (i.e., 2004–2008).

Stem‑fall rates

Tree-fall rates were consistently highest in saplings. 
Sapling rates were 100% in the first measurement 
cycle and dropped substantially to 25–50% by the 
most recent measurement cycle (Fig.  3, Table  S1). 
Tree-sized stems remained more stable than saplings 
across all measurement cycles and were less than 25% 
for all measurement cycles. Tree-fall rates for small 
and large trees were variable across measurement 
cycles and species groups with large tree rates tend-
ing to be slightly lower than for small trees. Small 
pine tree-fall rates increased over time before decreas-
ing in the most recent measurement cycle. Small 
water oak tree-fall rates generally increased over time 
while small post oak rates generally decreased over 
time. Large tree tree-fall rates varied most for planted 

Fig. 2   Mortality rates across all cycles and all species groups 
examined by size classes on forested land, excluding harvested 
stems. Inventory years shown indicate the starting year of 
measurement cycles (i.e., 2004–2008, 2009–2013, 2014–2018, 
2019–2021). Vertical black dashed lines at 2005, 2008, 2011, 

2017, and 2020 highlight the timing of notable major distur-
bances including Hurricane Rita, Hurricane Ike, the 2011 
drought, Hurricane Harvey, and Hurricanes Laura/Delta, 
respectively. Note that the nature of the mortality rate formula 
did not allow for the calculation of error
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loblolly and water oak but remained more stable for 
large naturally regenerated pines and post oaks.

Snag-fall rates showed more variability over time 
and across species than for small and large tree tree-
fall rates (Fig.  4, Table  S1). Snag-fall of planted 
loblolly appeared to occur in pulses over time with 
large planted loblolly snags having the highest snag-
fall rates (i.e., approximately 75–100%) relative to 
the other species of large trees (i.e., approximately 
10–40%) examined across all measurement cycles. 
Snag-fall rates increased substantially for smaller 
planted loblolly snags (i.e., from approximately 50 
to 100%) in the most recent measurement cycle (i.e., 
2019–2021). Similar to planted loblolly, water oak 
appears to have experienced pulses of snag-fall over 

the measurement cycles. Smaller water oak trees 
showed much greater snag-fall rates than larger water 
oak stems varying between approximately 60 and 
100%.

Removal rates

Stem removal rates were relatively high for all spe-
cies groups and size classes in the first measure-
ment cycle ranging between 40 and 65% (Fig.  5, 
Table  S1). Following this, removal rates declined 
sharply, to roughly between 30 and 40%, for all spe-
cies and size classes with the exception of planted 
loblolly pine which declined even lower to between 
20 and 30%. These rates remained low for the next 

Fig. 3   Tree-fall rates across all cycles and all species groups 
examined by size classes on forested land, excluding harvested 
stems. Inventory years shown indicate the starting year of 
measurement cycles (i.e., 2004–2008, 2009–2013, 2014–2018, 
2019–2021). Vertical black dashed lines at 2005, 2008, 2011, 
2017, and 2020 highlight the timing of notable major distur-
bances including Hurricane Rita, Hurricane Ike, the 2011 

drought, Hurricane Harvey, and Hurricanes Laura/Delta, 
respectively. Note that tree-fall rates are relative to only those 
live trees that died between each measurement and not all live 
trees, i.e., of all trees that died in each measurement cycle, fall 
rate is the percentage that fell. Note that the nature of the fall 
rate formula did not allow for the calculation of error
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two measurement cycles, 2009–2013 and 2014–2018, 
before increasing again for all species and size classes 
but not to removal rates from the first measurement 
cycle 2004–2008. Across size classes, large trees 
tended to have the highest removal rates with the 
exception of planted loblolly pine, where large trees 
had the lowest removal rates. Saplings had the lowest 
removal rates for both oak groups while saplings had 
the highest removal rates for planted loblolly pine.

Discussion

Demographic rates represent the key metric describ-
ing resource changes in forested ecosystems. Esti-
mates of volume, biomass, and carbon can be 

ascribed to any stem but it is the underlying demo-
graphic status change of individual stems as identified 
during field inventory that ultimately defines forest 
resource changes. Here, we move beyond calculating 
demographic rates from the two most recent points in 
time by focusing instead on the full suite of measure-
ments available within the NFI of the USA, the FIA 
inventory, and specifically examine east Texas as a 
pilot study region. We focus on the main components 
of demography captured by FIA: growth, mortality, 
fall rates, and removals of saplings and trees.

Growth and mortality rates

Noteworthy growth and mortality dynamics emerged 
within the species groups examined around the time 

Fig. 4   Snag-fall rates across all cycles and all species groups 
examined by size classes on forested land, excluding harvested 
stems. Inventory years shown indicate the starting year of 
measurement cycles (i.e., 2004–2008, 2009–2013, 2014–2018, 
2019–2021). Vertical black dashed lines at 2005, 2008, 2011, 
2017, and 2020 highlight the timing of notable major distur-

bances including Hurricane Rita, Hurricane Ike, the 2011 
drought, Hurricane Harvey, and Hurricanes Laura/Delta, 
respectively. Note that the standing dead status of saplings was 
not measured until 2016; thus, no repeat measurements of this 
pool are currently available. Note that the nature of the fall rate 
formula did not allow for the calculation of error
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of the 2011 drought and after. Specifically, growth 
declined for all groups and size classes in the meas-
urement cycle encompassing the 2011 drought, i.e., 
2009–2013, with the exception of large oak trees and 
small post oak trees. Notably, growth rates of oak 
trees increased in the measurement cycle after the 
drought suggesting fairly rapid recovery or sustained 
growth, while pine tree growth rates continued to 
decline in the measurement cycle after the drought 
suggesting lagged growth responses possibly related 
to internal hydraulic damage or reduced carbon 
stores (Anderegg et al., 2013; D’Amato et al., 2013; 
Berdanier & Clark, 2016, Cailleret et  al., 2017). 
Regarding mortality, studies have highlighted the 
magnitude of this event primarily, and understand-
ably, by capturing the major initial pulse of mortal-
ity (Moore et  al., 2016; Schwantes et  al., 2017), 

which increased substantially for all species when the 
drought began. However, as seen here and in simi-
lar studies, tree mortality responses to drought can 
vary widely and often have lagged mortality mul-
tiple years after the event has passed (Berdanier & 
Clark, 2016; Bigler et al., 2007; Cailleret et al., 2017; 
Klockow et al., 2018). Moreover, recent global stud-
ies have suggested that larger trees are most vulner-
able to drought (Bennett et al., 2015). This was seen 
in part in our results particularly for large water oak 
stems. However, with the exception of post oak, 
larger trees appeared to recover in the measurement 
cycle immediately following the drought. All smaller 
trees and oak saplings showed increased mortality 
in the measurement cycle immediately following the 
drought, suggesting continued lagged mortality. Thus, 
while large stems may be vulnerable to initial drought 

Fig. 5   Removal rates across all cycles and all species groups 
examined by size classes on forested land. Inventory years 
shown indicate the starting year of measurement cycles (i.e., 
2004–2008, 2009–2013, 2014–2018, 2019–2021). Vertical 
black dashed lines at 2005, 2008, 2011, 2017, and 2020 high-

light the timing of notable major disturbances including Hurri-
cane Rita, Hurricane Ike, the 2011 drought, Hurricane Harvey, 
and Hurricanes Laura/Delta, respectively. Note that the nature 
of the removal rate formula did not allow for the calculation of 
error
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conditions, they may be capable of relatively quick 
recovery if secondary stress from pests and diseases 
remains limited while smaller stems may see contin-
ued, lagged mortality after the event has passed pos-
sibly due to more limited access to resources (e.g., 
shallower rooting depth, less leaf area). Interestingly, 
mortality rates of all trees returned to pre-drought 
levels starting in the most recent measurement cycle 
(i.e., 2019–2021) suggesting that mortality rates 
recovered to pre-drought levels by that time. These 
long-term trends shed light on the potential recovery 
ability of important species groups following water 
stress, which is largely predicted to become more 
common in the future (Allen et al., 2015).

These growth and mortality trends highlight the 
widespread and intense nature of the drought that 
impacted east Texas. They are generally consistent 
with species-specific strategies for coping with water 
stress. Although physiologic responses to water stress 
can vary among and within species, trees generally 
tend toward isohydric (i.e., maintaining relatively 
constant transpiration rates through stomatal regula-
tion) or anisohydric (i.e., variable transpiration rates 
with less stomatal regulation) strategies (Adams et al., 
2017; Anderegg et al., 2016; McDowell et al., 2008). 
Loblolly pines often show isohydric responses to 
water stress at the expense of growth via CO2 uptake, 
i.e., leaf abscission and stomatal regulation (Maggard 
et  al., 2016), evidenced here by the reduced growth 
around the time of the drought, whereas pine mortal-
ity remained relatively low (i.e., planted loblolly) or 
stable (i.e., naturally regenerated loblolly) compared 
to oaks and, in general, was likely mitigated by these 
physiologic responses and favorable growing con-
ditions (e.g., reduced densities, favorable species 
mixes) (Bottero et al., 2017; Fox et al., 2007; Gleason 
et al., 2017; Klockow et al., 2020). Conversely, oaks 
tend to have an anisohydric response to water stress 
allowing them to remain productive while operating 
at an increased risk of embolism, i.e., less stomatal 
regulation (Pataki & Oren, 2003, Will et  al., 2013; 
Rodriguez-Calcerrada et al., 2017), evidenced by the 
sustained growth rates during the drought. Notably, 
this likely resulted in rapid mortality of many oak 
stems (i.e., within a year or two) given the magnitude 
of the drought conditions and, for others, reduced tree 
vigor leading to lagged mortality via drought stress or 
other factors such as insects and diseases (Anderegg 
et  al., 2015; Klockow et  al., 2018). The factors and 

mechanisms affecting growth and ultimately leading 
to mortality of any particular stem, even in the con-
text of such an extreme event, are influenced by biotic 
and abiotic factors at intra-tree, inter-tree, and site 
levels (Anderegg et  al., 2013). By leveraging up to 
five measurements of stems across 20 years, we can 
begin to understand the range of variation growth and 
mortality rates which exhibits over time, particularly 
in relation to disturbance events.

Stem‑fall rates

The transition from live to dead (i.e., tree mortal-
ity) is important in that a tree goes from a sink to a 
source of carbon. However, the transition from stand-
ing to downed provides further resolution into trees as 
a source of carbon. Specifically, once in contact with 
the ground, wood may become more susceptible to 
decay or prescribed fire/wildfire and, ultimately, the 
release of carbon to the atmosphere (Russell et  al., 
2015). The east Texas NFI data presented here show 
that tree-fall and snag-fall are both dynamic, com-
monly occurring processes in this warm, humid, dis-
turbance-prone region. As with growth and mortality 
rates, stem size is an important factor in differentiat-
ing fall rates of both trees and snags (Moorman et al., 
1999; Oberle et  al., 2018; Vanderwel et  al., 2006; 
Zarnoch et al., 2013). Tree-fall rates of saplings were 
far greater than for trees in the first two measurement 
cycles while small and large trees showed similar fall 
rates across all measurement cycles. The nuanced 
dynamics of fall rates for trees are difficult to attrib-
ute without further detailed analyses which is beyond 
the scope of this paper. For example, it is difficult 
to infer from our results how the 2011 drought may 
have impacted fall rates. It seems logical to suggest 
that absolute numbers of fallen stems have increased 
due to a larger pool of dead stems from the drought 
but whether fall rates have changed as a result of the 
drought is more challenging to deduce from our direct 
results. However, it seems plausible that the combi-
nations of Hurricane Rita in 2005 and Hurricane Ike 
in 2008 were key drivers of sapling fall rates given 
the consistency and dramatic changes (i.e., decreases) 
for all species in the first two measurement cycles. 
Other studies have noted hurricane-driven stem-fall 
as an important process in this region (Harcombe & 
Marks, 1978; Harcombe et  al., 2002, 2009). Moreo-
ver, the decomposer community in east Texas and 
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much of the southern USA includes termites which 
is another important driver of stem-fall rates (Zhang 
et  al., 2016) in addition to the regional climate and 
frequent disturbances (e.g., hurricanes).

The means by which a stem transitions from stand-
ing to downed can occur via two primary processes, a 
live stem either falls and dies simultaneously or dies 
and remains standing for some time while undergoing 
decomposition and eventually falls (Harmon et  al., 
1986; Vanderwel et  al., 2006). There is some over-
lap in these processes when considering inventory-
based observation as some tree-fall stems may have 
died, remained standing for a short time, and then 
fallen all within a single remeasurement period. This 
is a caveat of any long-term inventory with annual or 
decadal remeasurement periods. However, the key 
factors which affect tree-fall are similar to those that 
affect snag-fall, e.g., stem size (Oberle et  al., 2018; 
Vanderwel et  al., 2006). The primary difference is 
that snags have undergone a known (i.e., measured) 
amount of decay. Regardless, few studies have exam-
ined these two processes (Klockow, 2019; Vanderwel 
et al., 2006) while others focused primarily on stand-
ing dead to downed fall rates (Oberle et  al., 2018). 
In a region such as east Texas, these two processes 
can occur extensively and rapidly (Conner & Saenz, 
2005; Putman et  al., 2018). Accounting for both of 
these processes provides increased resolution and 
an important link between standing and downed tree 
habitat, fuel loads, and carbon pools.

Removal rates

It is important to note that the sample of stems 
we examined across measurement cycles was not 
static, meaning, we did not examine only those spe-
cific stems measured in the first measurement cycle 
through to the last measurement cycle. The number 
of stems we examined fluctuated at any measure-
ment year as stems entered as ingrowth (i.e., meeting 
criteria of saplings or trees) and left as down dead 
(i.e., no longer measured). Thus, the high removal 
rates in the first measurement cycle are not indicat-
ing that all sampled stems were removed since more 
stems entered the sample as ingrowth at each subse-
quent measurement. Interestingly, removal rates for 
all species groups declined substantially during the 
measurement cycle containing the 2011 drought (i.e., 
2009–2013). This follows in line with estimates of 

removed volume from the Texas A&M Forest Service 
which were 717 million ft3 (approximately 20.3 mil-
lion m3) in 2010 and dropped to between 538.9 and 
645.9 million ft3 (approximately 15.3 to 18.3 million 
m3) since (i.e., 2020 and 2011 estimates, respectively) 
(Edgar 2010, 2011; Brown et al., 2020). Presumably, 
removal rates were reduced given the substantial 
mortality incurred from the drought, which limited 
the number of growing stock stems available for har-
vest. However, as mortality rates declined and growth 
recovered in the two measurement cycles following 
the drought, removal rates also rebounded. While 
natural disturbances (e.g., drought, hurricanes, fire) 
are important drivers of removal rates, so are socio-
economic factors. Housing market and construction 
trends can be very important for assessing removal 
rates, especially in a region such as east Texas which 
has extensive numbers of pine plantations. Specifi-
cally, the housing market collapse in 2006 and the 
“Great Recession” around 2008 resulted in the worst 
economic conditions in the forest products industry 
in many decades (Woodall et  al., 2011). Moreover, 
it remains to be seen in the coming inventory years 
how the COVID-19 pandemic may have influenced 
removal rates within FIA measurements. During the 
pandemic, demand for wood products increased as 
more people had time at home for renovations; at the 
same time, many forest products companies required 
loans to keep staff on payroll during quarantine peri-
ods with limited production (Russell, 2022; Zhang 
& Stottlemyer, 2021). However, since this socioeco-
nomic information is not part of standard FIA meas-
urements, we do not present it here. Timber products 
are tracked by a separate inventory within FIA, i.e., 
Timber Products Output (TPO), which surveys wood-
using mills for volume and products (Coulston et al., 
2018). While removal rates as presented here can be 
somewhat ambiguous for determining the fate of for-
est products, incorporating ancillary data from TPO 
and other sources can be important for continuing to 
track wood-based material and its carbon from har-
vested stems once it leaves the forest ecosystem.

Opportunities and gaps within the FIA framework

Temporal considerations

The effects of the 2011 drought are very evident in 
the growth and mortality trends for east Texas FIA 
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data. Unprecedented drought events like this are pre-
dicted to be more common in the near future (Allen 
et  al., 2015). Importantly, multiple remeasurements 
here provide greater context to growth and mortality 
rates particularly when those measurements encom-
pass a major disturbance event. Specifically, contin-
ued declines in growth and lagged mortality were 
evident, yet it appears these have started to return to 
pre-drought levels, suggesting recovery. However, the 
temporal resolution of these trends is limited by the 
specific inventory remeasurement period, i.e., 5 years 
in east Texas. This lag bias is well documented in 
FIA-related literature (Bechtold & Patterson, 2005). 
The panel system used by FIA overcomes this to an 
extent by offering annual, spatially balanced sam-
ples with better resolution compared to the full set 
of panels (Edgar et al., 2019). However, these annual 
measurements only offer static estimates for any 
given year as opposed to remeasurement of the same 
stems on an annual basis which would provide rates 
of change. This limited temporal resolution can make 
it difficult to ascertain short-term lagged impacts or 
distinguish between multiple disturbances occur-
ring over a short time (e.g., hurricanes Rita and Ike 
or hurricanes Laura and Delta) without separate, 
focused inventories. If lagged mortality from the 
2011 drought occurred within the same measurement 
cycle, it would be grouped together with initial mor-
tality, e.g., making it more challenging to distinguish 
species-specific trends. Additionally, the growth of 
stems that were alive at the initial measurement but 
died at the next measurement is not counted in growth 
rates here and, thus, they are likely underestimates of 
actual growth rate. However, if the binary process 
of individual stem mortality rate is adjusted to units 
of basal area for each stem, then that missing com-
ponent of growth is accounted for rather as a transi-
tion from live to dead. Similarly, stems that were alive 
at the initial measurement and died before the next 
measurement and subsequently were removed are not 
counted in mortality rate calculations. Thus, mortality 
rates based on individual stems are likely an under-
estimate of actual mortality to a degree depending 
on the number of trees that died and were removed 
prior to remeasurement. Despite these limitations, 
long-term FIA data capture forest demographic trends 
well given the consistency of measurement protocols 
and programmatic commitments to maintain core 
measurements (McRoberts et  al., 2005). Ultimately, 

long-term inventory data such as FIA are capable 
of revealing vulnerable species and those capable of 
recovery whether from short-term, acute events such 
as this drought (Nielsen-Gammon, 2012) or long-
term, chronic dieback events (such as oak dieback in 
Missouri and Arkansas, e.g., Fan et al., 2008; Haavik 
et al., 2012).

Spatial considerations

When considering spatial scale, FIA data is capable 
of capturing trends from widespread disturbances 
and diebacks (Yang et al., 2021). Here, we can see 
clear evidence of the 2011 drought in east Texas, 
an event that spanned the entire state and was the 
worst ever recorded (Hoerling et al., 2013; Nielsen-
Gammon, 2012). Smaller scale disturbances, i.e., on 
the order of a few hectares to thousands of hectares, 
can be more challenging to examine given the spa-
tial scale of the FIA inventory. Since a single plot 
represents approximately 2400 ha of land area, any 
single event less than that area may not be captured 
on field plots. Importantly, FIA collects categorical 
information denoting agents of mortality and dam-
age to individual stems and conditions surround-
ing plots. These codes can be used to filter certain 
types of disturbances or damaging agents and, when 
used in appropriate combinations, can answer spe-
cific forest dynamics questions (Fitts et  al., 2022). 
Thus, trees damaged or killed by localized distur-
bances from pests or prescribed fire/wildfire can 
be filtered and examined to provide resolution on 
those distinct processes using data across larger 
spatial scales. Furthermore, considerable effort is 
being conducted in the field of small area estima-
tion (SAE) to leverage large-scale inventory data 
such as FIA to understand forest resource changes 
at small scales. For example, Gaines and Affleck 
(2021) estimated post-wildfire tree density by bor-
rowing FIA sample data from within the same spa-
tial domain and across multiple measurement years, 
while Green et  al. (2020) estimated common stand 
metrics in loblolly pine plantations using ancillary 
lidar data. Ultimately, both studies showed promise 
as a statistical tool requiring further development. 
Riley et al (2016) developed a technique using ran-
dom forests to correlate forest conditions from FIA 
with spatial biophysical data (i.e., LANDFIRE) 
providing a promising means of imputing forest 



	 Environ Monit Assess (2023) 195:1478

1 3

1478  Page 20 of 26

Vol:. (1234567890)

conditions in unsampled areas. Notably, large-scale 
forest inventory data is tremendously valuable as 
a reference dataset when combined with airborne/
spaceborne lidar, providing the means to interpo-
late to larger or smaller spatial scales using various 
modeling techniques (Babcock et  al., 2016; Nar-
ine et al., 2019; Sheridan et al., 2014). Large-scale 
forest inventory data such as FIA provides critical 
estimates of forest change across large spatial scales 
and is increasingly becoming valuable for estimates 
at much smaller scales.

Logistical considerations

Given the comprehensive spatial and temporal scale 
of FIA, it can take one to several years for the latest 
annual inventory to become publicly available (Ran-
dolph et  al., 2021). This makes it challenging for 
managers and decision-makers to conduct a rapid 
damage assessment of forests after a major distur-
bance with FIA data alone. Alternative efforts are 
required to capture that information within a rapid 
timeframe, e.g., within a few days/weeks or the grow-
ing season following the disturbance. Recent major 
disturbances, including the 2011 drought in Texas, 
Hurricane Michael in 2018 in the southeastern USA, 
and the 2020 derechos in Iowa, are all examples of 
acute disturbance events necessitating rapid assess-
ments of forest damage which could not be met 
immediately via standard FIA remeasurement peri-
ods (Moore et  al., 2016; Georgia Forestry Commis-
sion 2018; Florida Forest Service, 2018; Goff et  al., 
2021). Damage from more chronic events, such as 
beetle outbreaks in the western USA, impacts from 
invasive species, and dieback and drought events, 
can be monitored well using standard FIA schedules 
given their more gradually occurring nature (Morin 
et al., 2017; Shaw et al., 2005; Thompson, 2017; Vogt 
et al., 2016; Yang et al., 2021). However, even in the 
cases of acute events, long-term inventory data such 
as FIA still reliably provides comprehensive dam-
age information and can be tailored to accommodate 
disturbance-specific inventory needs (e.g., via intensi-
fication, adapting measurements to variables of inter-
est). Moreover, these data can be used to later validate 
immediate damage assessment efforts and can inform 
long-term trends of recovery or decline (Brandeis 
et al., 2022; Klockow et al., 2018).

National vs regional considerations

Although we focus on a specific region within a sin-
gle state as a case study, FIA is a national program 
continually moving toward national consistency. 
Given this, it is possible to use the demographic 
approach we present here to provide comprehensive 
assessments for any number of domains, includ-
ing the continental USA, states, counties, species, or 
ecoregions. The FIA program maintains core varia-
bles collected in a convenient hierarchical nature (i.e., 
plot, condition, tree) on all plots and uses rigorous 
detail in tracking the same plots and stems over time. 
Many quality control checks are in place to minimize 
errors and maintain long-term integrity (Pollard et al., 
2006). Importantly, these repeated measurements 
and the hierarchical nature of FIA data conform well 
to hierarchical modeling approaches. For example, 
Salas-Eljatib and Weiskittel (2020) recently examined 
multiple hierarchical mortality modeling approaches 
to identify those that make the most effective use of 
data structures similar to FIA, including multiple 
remeasurements and inconsistent remeasurement 
periods. Notably, these same modeling approaches 
could be applied to stem-fall processes given their 
binary nature similar to mortality. Moreover, the 
long-term, consistent remeasurements provide a 
wealth of information that could inform growth-and-
yield models, e.g., planted loblolly or naturally regen-
erated loblolly across its entire US range. Other stud-
ies have made important use of the FIA data structure 
to develop downed dead wood decomposition rates 
and decay class transitions across the eastern USA 
(Russell et  al., 2013, 2014). Similar approaches can 
be applied to snags to better understand standing dead 
decomposition, fuel dynamics, and carbon estimation 
(Oberle et al., 2018).

Even with national consistency, there remain many 
regional nuances within the FIA program and data. 
As discussed earlier, all plots within any particular 
state are measured over a certain number of annual 
panels, 5 or 7 years in the eastern USA and 10 years in 
the western USA. States in the eastern USA have four 
or five measurements of plots whereas western states 
are just completing the first set of remeasurements. 
However, as the climate changes, the frequency of 
disturbances in the western USA has increased (Bar-
rett & Long, 2021) and it is becoming increasingly 
important to track changes at a more frequent pace. In 
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part to address this, a regional effort was undertaken 
within FIA to collect tree cores from stems on FIA 
plots throughout the interior western USA (DeRose 
et  al., 2017). This comprehensive dataset provides 
“annual remeasurements” of individual stems via 
tree ring increment measurements and extends the 
measurement record back decades. Current efforts 
are leveraging this dataset to develop models of for-
est response to climate change for informing future 
trends and management options (Heilman et  al., 
2022). Elsewhere, capturing forest resource changes 
and accounting for carbon in interior Alaska has 
become an increased priority for the FIA program. 
However, inventorying this region following core pro-
tocols is prohibitively costly and time consuming. To 
overcome these challenges, new approaches are being 
developed that combine reduced field plot sampling 
intensity with airborne lidar data to provide detailed, 
wall-to-wall inventory information at a much more 
favorable cost compared to standard protocols (Bab-
cock et al., 2018). While these specific examples are 
not used consistently across FIA and the USA, they 
provide clever solutions to regional issues that could 
potentially be adapted elsewhere.

Conclusions

We present demographic metrics over multiple 
remeasurements highlighting trends, consistencies, 
and nuances of key forest demographic processes 
in east Texas. Results provide a holistic look at for-
est resource changes of differing species groups 
within the FIA inventory over a 20-year span (i.e., 
2001–2021). Demographic rates of growth and 
mortality from large-scale disturbances, namely the 
2011 drought, in Texas are captured well with FIA 
data providing important context to changes in for-
est resources. Stem-fall and removal rates also are 
well captured by FIA inventory protocols. However, 
more nuanced analyses and ancillary information 
are likely required to understand changes in rates 
and implications of these processes. Moreover, 
continued tracking of fallen stems remaining on 
plots would provide an increase and more holistic 
resolution to the fate of carbon. Although monitor-
ing programs maintained by agencies, e.g., NASA, 

can capture and attribute large pulses of mortality 
to droughts or changes in forestland area, it is the 
specific rates of forest demographics that are truly 
informative to resolving important but nuanced for-
est resource dynamics. However, identifying diffuse 
lagged mortality, species- and size-specific effects, 
and management effects requires more detailed 
information as collected in field-based inventories 
such as FIA. By better understanding the opportu-
nities and gaps in the framework of a field-based 
inventory such as FIA for tracking demographic 
rates, improvements in estimation and monitor-
ing can be made which can ultimately facilitate 
improved forest resource management.
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