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Tree regeneration surveys provide insight into potential forest change and trajectories of stand development,
which can guide management in an era of global change. However, most tree regeneration surveys tend to be
coarse and/or rapid assessments which can introduce considerable uncertainty into translating estimates of
seedling abundance into models of sapling recruitment and subsequent overstory tree abundance and compo-
sition. Observations of seedling abundance changes across size classes may be essential to accurately predicting
recruitment from seedling sized trees to advanced size classes, which is fundamental to informing our under-
standing of future forest composition and dynamics. Using the USDA Forest Service’s Forest Inventory and
Analysis (FIA) program’s Regeneration Indicator (RI) dataset, in which seedlings are monitored by six height
classes, we developed Boosted Regression Tree models to predict presence of sapling recruitment for five com-
mon, north temperate and boreal tree species as a function of seedling abundance by height class and site/stand
factors. Models using the six RI seedling height classes were compared to models using the single seedling size
class as commonly surveyed by programs such as FIA. Use of seedling height classes improved models for all
species. Seedlings > 1.5 m tall were the most influential predictors of recruitment for each species while seed-
lings in classes < 1.5 m tall were either removed entirely from models or had low relative influence (<8%).
Seedlings < 0.3 m tall had both positive and negative relationships with sapling recruitment depending on
species, suggesting that abundances of small seedlings should be interpreted cautiously. This approach dem-
onstrates the importance of collecting relatively coarse seedling height data during regeneration surveys with
potential application to other regions and scenarios to expand the utility of tree regeneration surveys to predict
future forest dynamics.

1. Introduction

As threats to forest health and resilience from climate change,
disturbance and other stressors intensify (Forzieri et al., 2022; Trumbore
et al., 2015), it is increasingly important to interpret early indicators of
forest change as accurately as possible. Monitoring tree seedling abun-
dance and composition is crucial to assess how the distribution and
composition of forests are likely to change in the future. For example,
comparisons of seedling and adult tree distributions can indicate range
shifts in response to climate change (Zhu et al., 2015, Dobrowski et al
2015). Post-disturbance tree regeneration surveys are vital to assessing
forest recovery, and contemporary concern over regeneration failure or
compositional shifts following high-severity disturbance lends urgency
to such post-disturbance assessments (Coop et al., 2020; Martinez-

Vilalta and Lloret, 2016).

Once trees grow to sapling and subsequent tree sizes within canopy
openings, forest composition and structure can become increasingly
resistant to management efforts to alter stand development trajectories
(Seidl and Turner, 2022). Understanding how tree seedling abundances
relate to sapling recruitment can inform management strategies at this
critical early phase in stand development, when stand trajectories can
still be altered through tree planting, vegetation management, or other
interventions. Yet, traditional tree regeneration inventories have been
conducted with relatively sparse sample intensities across space and
time with their primary focus in service of merchantable timber
assessment (i.e., focus species stocking assessment during management
activities) with little emphasis on predicting stand trajectories (Brand
etal., 1991; Gillis et al., 2005; Gschwantner et al., 2022; Lawrence et al.,
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2010). These coarse survey methods (e.g., single seedling size class
stocking assessments that are not geo-referenced nor repeated) may be
insufficient to predict whether observed regeneration patterns will lead
to desirable forest composition and structure in the future (McWilliams
et al., 2015). As forest management goals have become more holistic,
forest inventory protocols have broadened and interest in more com-
plete and accurate tree regeneration surveys is growing (Gschwantner
et al., 2022; McWilliams et al., 2015; Vidal et al., 2016).

Similarly, ecological surveys of post-disturbance tree regeneration
have proliferated over the past decade, particularly as concern mounts
that some forests in the western US may be unable to recover following
disturbances such as drought and wildfire in the context of climate
change (Davis et al., 2019; Minott and Kolb, 2020; Stevens-Rumann
et al., 2018). However, seedling surveys in these post-disturbance
landscapes have tended to be rudimentary as the primary focus is
often identifying areas of regeneration failure (Stevens-Rumann et al.,
2022) rather than more comprehensive assessments of forest composi-
tional and structural trajectories that are increasingly needed to effec-
tively manage forests in the face of global change (Seidl and Turner,
2022).

One particular concern in tree regeneration surveys is the common
use of a single size class to represent seedlings, which is efficient but not
necessarily effective as it cannot account for the consideration that
larger seedlings are typically more likely to attain sapling size than
smaller seedlings (McWilliams et al., 2015). To account for these dif-
ferences in the probability of recruitment, seedlings can be subdivided
into multiple height classes which allow seedling abundance to be
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adjusted according to anticipated mortality rates within each class
(McWilliams et al., 1995; Vickers et al., 2019b). Yet as seedlings
establish and grow, they are subject to strong environmental filtering
due to factors such as understory vegetation, browsing, and canopy tree
cover that may generate highly variable seedling mortality and growth
rates according to local or stand-level conditions (George and Bazzaz,
1999; Henry et al., 2021; Matonis et al., 2011; Walters et al., 2016).
Substrate characteristics such as litter depth and coarse woody material
may also have strong effects on seedling establishment, growth and
survival (Bolton and D’Amato, 2011; Collins, 1990; McGee and Bir-
mingham, 1997). Finally, climatic influences on seedling growth and
survival are likely to change over the course of seedling development
(Mulffler et al., 2021). Such filtering processes imply that inferences
about sapling recruitment and stand development trends made from
abundance of small-size seedlings (<1.5 m tall and especially < 0.9 m
tall), or abundance of small and large seedlings lumped together, may be
inaccurate unless these drivers of seedling mortality and growth are
taken into account (Walters et al., 2020).

The USDA Forest Service (USFS) Forest Inventory and Analysis (FIA)
program has monitored tree seedlings for decades in permanent field
plots throughout US forests, using a single size class for seedlings defined
as < 2.5 cm diameter at breast height (DBH) but > 15.2 cm tall for
softwood species and > 30.4 cm tall for hardwood species (Bechtold and
Patterson, 2005; Burrill et al., 2021). More detailed protocols were
introduced to a subset of FIA plots across all 24 states of the northern US
beginning in 2012, to enable the adequacy of tree regeneration to be
assessed particularly in the context of harvesting and disturbance
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(McWilliams et al., 2015, McWilliams et al., 1995). This “Regeneration
Indicator” (RI) dataset divides tree seedlings into six height classes
(Fig. 1). RI data have been used to predict stocking and future species
composition by weighting seedling height classes according to estimated
mortality rates (McWilliams et al., 1995; Vickers et al., 2019b, Vickers
et al.,, 2019a). Estimating expected mortality rates for seedlings is
challenging, though, because quantitative data on seedling survival in
different height classes over periods of > 1-3 years are scarce due to the
work required to track individual seedlings over time (Beckage et al.,
2005). FIA plots are remeasured at 5-7-year intervals in the eastern US,
meaning that repeated RI plot measurements have recently become
available. These plot remeasurements allow seedling abundances to be
empirically linked to subsequent sapling recruitment without the need
to estimate mortality rates. Therefore, the RI surveys afford an oppor-
tunity to determine the utility of more detailed tree seedling surveys in
predicting near-term stand development, and to identify potential
strengths and pitfalls associated with interpreting such surveys.

The goals of this study were to leverage the longitudinal RI plot data
to (1) quantify how well tree seedling abundances translate into the
presence of sapling recruitment 5-7 years later for common tree species,
and (2) to evaluate the implications of using six versus a single seedling
height class for abundance surveys. These goals were accomplished
using statistical models of sapling recruitment presence that considered
seedling abundance as well as vegetation and ground cover character-
istics, terrain, and climate. We hypothesized that the tallest seedling
height classes would be the strongest predictors of sapling recruitment,
and that a greater abundance of shorter seedlings would be needed to
translate into successful recruitment as compared to taller seedlings. In
addition, we expected sapling recruitment to be moderated by other
processes such as competition, tolerance to shade and climate, ground
cover characteristics, and response to disturbance and harvesting.

2. Materials and methods
2.1. Field data

The FIA program conducts systematic annual inventories of perma-
nent field plots (Bechtold and Patterson, 2005). Each FIA plot consists of
four circular subplots of 168 m? in which one subplot is in the plot center
and the other three are 36.6 m away at azimuths of 0°, 120° and 240°
(Bechtold and Patterson, 2005). Adult trees > 12.7 cm DBH are surveyed
in these subplots, and each subplot contains a circular 13.5 m? microplot
in which seedlings, saplings and trees < 12.7 cm diameter at breast
height (DBH) are surveyed (Bechtold and Patterson, 2005). In 2012 the
USFS Northern Research Station began collecting data following RI
protocols in a subset of 12.5 % of all FIA field plots, or a density of one
plot per ~ 194 km? across the 24 states of the northeastern US
(McWilliams et al., 2015) with remeasurement occurring at a 5-7 year
interval. Under the RI protocols, a seedling is defined as > 1 year old
and > 5.1 cm tall but < 2.5 cm DBH, and stems meeting these criteria are
subdivided into six height classes (Fig. 1). Note that because saplings are
defined by DBH (which is measured at a height of 137.2 cm), seedlings
may grow directly from Class 5 (152.4-304.7 cm tall) or even Class 4
(91.4-152.3 cm tall) to sapling stage without growing tall enough to be
tallied in Class 5 or Class 6 (>304.8 cm tall).

We identified all FIA subplots using the RI seedling height protocols
that had been surveyed twice (i.e., remeasured for change analysis) and
in which microplots were located on accessible forest land (https://apps.
fs.usda.gov/fia/datamart/datamart.html, download date July 25,
2022). Microplots in areas noted as having artificial regeneration were
also excluded, to focus on natural regeneration. Analysis was conducted
at the subplot level as opposed to the plot level as this scale is relevant
for evaluating vegetation and ground cover influences on tree seedlings
(e.g., Woodall et al., 2018). The resulting dataset contained 5229 sub-
plots derived from 1524 plots with intervals of 4.7-8.1 years between
remeasurements (mean = 5.8 years).
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Our response variable was the presence of sapling recruitment within
each microplot at Time 2, i.e., saplings (2.5-12.7 cm DBH) noted as
ingrowth when the microplot was remeasured. For predictor variables,
seedling densities by species and height class were extracted along with
an array of microplot and subplot-level variables (Table 1), all relative to
the time of first measurement (i.e., Time 1). Seedling and sapling den-
sities of other tree species within each microplot were considered as
indicators of interspecific competition. Tree basal area (BA) was calcu-
lated from DBH for trees > 12.7 cm DBH. Tree-level mortality agent
codes (AGENTCD) were used to quantify the percentage of total tree BA
that experienced mortality due to harvesting or to all other causes

Table 1

Variables used in models of sapling recruitment including source (Forest In-
ventory and Analysis Database table name or reference) and the scale at which
the variable was derived.

Variable

Source (scale)

Description

Sapling recruitment
(response)

Seedling abundance

Seedling abundance
of other species

Conspecific sapling
abundance

Sapling abundance
of other species

Elevation

Aspect

Mean litter depth

Mean duff depth

Volume of Coarse
Woody Material

Remeasurement
interval

Conspecific live tree
basal area (BA)

Total live tree BA

Conspecific live tree
density

Total live tree
density

Forb cover

Grass cover
Shrub cover

Percentage of trees
harvested

Percentage tree
mortality

Precipitation
(1991-2020)

Mean temperature
(1991-2020)

Maximum vapor
pressure deficit
(1991-2020)

TREE (microplot)

SEEDLING_REGEN
(microplot)

SEEDLING_REGEN
(microplot)

TREE (microplot)
TREE (microplot)

SUBPLOT (subplot)
SUBPLOT (subplot)
COND_DWM_CALC
(condition)
COND_CWM_CALC
(condition)
COND_DWM _CALC
(condition)
PLOT (plot)

TREE (subplot)

TREE (subplot)

TREE (subplot)
TREE (subplot)

P2VEG_SUBP_STRUCTURE
(subplot)
P2VEG_SUBP_STRUCTURE
(subplot)
P2VEG_SUBP_STRUCTURE
(subplot)

TREE (subplot)

TREE (subplot)

Daly et al. 2008 (~4 km grid

cell)

Daly et al. 2008 (~4 km grid
cell)

Daly et al. 2015 (~4 km grid
cell)

Presence/absence of new
saplings in remeasurement
not present in prior
measurement, by species
Either one seedling density
variable for each of six size
classes, or a single variable
following standard FIA
Phase-2 protocols

Seedling density for all
other tree species
combined, by size class

Sapling density of all other
species combined

Period between
measurements in years and
fractions of year

BA of conspecific trees >
12.7 cm DBH in prior
measurement

BA of all live trees > 12.7
cm DBH in prior
measurement

Percentage of total tree
basal area (BA) harvested
(AGENTCD = 80)
Percentage of total tree BA
dead but not harvested
(AGENTCD < 80)

Means from (a)
November—April and (b)
May-October

Means from (a)
November—April and (b)
May-October

Means from (a)
November—April and (b)
May-October
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combined (Table 1). In addition, mean depths of litter and duff and
volume of coarse woody material (>7.6 cm in diameter) were extracted
at the condition level and matched to the condition of each microplot.
Conditions represent discrete areas of each plot that vary by forest type,
land use or ownership, or other factors (Bechtold and Patterson, 2005).

2.2. Climate data

In addition to field measurements, we characterized plot-level
climate using 1991-2020 mean temperature, precipitation, and
maximum vapor pressure deficit averaged over May—October (growing
season) and November-April (six climate variables in total). Climate
variables were derived from the 4-km gridded PRISM dataset (Daly
et al., 2015, Daly et al., 2008) and extracted to plot locations using
Google Earth Engine (Gorelick et al., 2017). The coarse 4-km grain size
is appropriate because FIA plot coordinates have been perturbed by up
to 1.6 km and sometimes swapped with coordinates of similar nearby
plots per federal privacy laws and agency guidelines (Burrill et al.,
2021).

2.3. Tree species selection

To ensure a sufficiently large sample size for analysis, we selected
species in which sapling recruitment was present at Time 2 in > 50
subplots (~1% of all subplots analyzed). Five species met this threshold:
balsam fir (Abies balsamea L.), red spruce (Picea rubens Sarg.), red maple
(Acer rubrum L.), sugar maple (Acer saccharum Marsh.) and beech (Fagus
grandifolia Ehrh.) (Table 2). Due to our specific interest in linking
seedling abundance to sapling recruitment, only subplots containing at
least one seedling of a given species at Time 1 (in any height class) were
analyzed.

The five species analyzed have distinct distributions within the study
area (Fig. 2), as well as associated silvics and management concerns. Red
maple has been termed a “super-generalist” given its ability to occur
across a wide range of site conditions with its occurrence promoted by
fire exclusion and disturbances such as partial harvesting and insect
outbreaks (Abrams, 1998). Sugar maple is the most commercially
valuable of the five species, but low regeneration and recruitment have
been the subject of recent concern due to a number of factors including
browsing by deer, competition with other tree species or shrubs, site
quality and effects of harvesting or disturbance on stand structure
(Henry et al., 2021; Leak, 2005; Matonis et al., 2011). Beech recruitment
is commonly seen as undesirable due to its susceptibility to beech bark
disease and ability to outcompete more economically desirable species
(Nyland et al., 2006). Nevertheless, beech saplings have been increasing
in abundance for decades in the northeastern US due in part due to its
tolerance of shade, browsing, and associated interactions with harvest-
ing disturbance (Bormann et al., 1970; Bose et al., 2017). Red spruce is a
shade-tolerant, slow-growing species often abundant at the transition
between hardwood and spruce-fir forest, whereas balsam fir, a shade-

Table 2

Number of subplots (plots) with seedlings and sapling recruitment, and mean
and standard deviation of sapling recruitment abundance for subplots in which
recruitment was present for the species analyzed.

Species Seedlings Sapling Recruitment abundance
recruitment (stems ha’l)
Abies balsamea 1298 180 (137) 1165 + 747
(498)
Picea rubens 452 (221) 74 (56) 1121 + 728
Acer rubrum 2002 116 (105) 1412 + 1266
851)
Acer 1091 53 (43) 1021 + 654
saccharum (460)
Fagus 683 (314) 97 (73) 1092 + 643

grandifolia
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tolerant red spruce associate, is prevalent at higher elevations/ lati-
tudes with more abundant and faster-growing seedlings and saplings
(Battles and Fahey, 2000; Cogbill and White, 1991). Much of the suitable
habitat for balsam fir and red spruce in the northeastern US may be lost
over the next 40 years due to climate change (Andrews et al., 2022).

2.4. Analyzing recruitment

First, violin plots were used to visually compare seedling abundance
in Time 1 for plots in which new sapling recruitment of a given species
was absent vs present in Time 2, and significant differences within each
seedling size class were assessed using Wilcoxon signed rank tests with a
Holm correction for multiple comparisons.

To determine whether these relationships between seedlings and
sapling recruitment occurred in stands with recently-created canopy
gaps, we repeated this first analysis using only subplots that had been
recently disturbed. For purposes of this analysis, a subplot was consid-
ered disturbed if > 25 % of total tree BA was comprised of trees that had
a cause of death recorded at Time 1 (i.e., had died since the previous
subplot measurement), including both harvesting and all other causes of
mortality. Disturbances can be identified in different ways using FIA
data depending on research objectives (Fitts et al., 2022), and we chose
the tree mortality threshold to identify subplots that were likely to have
newly-created canopy gaps with increased opportunities for sapling
recruitment.

2.5. Sapling recruitment modeling

Next, we developed statistical models to predict sapling recruitment
presence in remeasured plots for each species as a function of seedling
densities and the other environmental factors shown in Table 1. This
approach enabled the accounting of major factors that might mediate
seedling survival and growth. A boosted regression trees (BRT) frame-
work was used as BRT can account for non-linear relationships and
interacting influences (Elith et al., 2008).

For each species, a BRT model of the presence of sapling recruitment
was built with the “dismo” R package (Hijmans et al., 2021) using the
default logistic regression approach with a Bernoulli error distribution.
The learning rate was set at 0.001, resulting in > 2500 trees built for
each model. Tree complexity was set at four after testing different values
while other parameters were left at their default settings. To create
parsimonious models that identified key influences on recruitment, the
“gbm.simplify” function was used with default settings to perform var-
iable selection by backward elimination. After variable selection all
remaining pair of variables had a Spearman rank correlation coefficient |
15| < 0.7 except for live tree basal area and density, which were both
retained for red maple and sugar maple and had r; = 0.77 and 0.71,
respectively. We concluded that multicollinearity was not a substantial
issue (Dormann et al., 2013).

Model accuracy was evaluated from the cross-validation folds using
the area under the receiver operating characteristic curve (AUC), a
robust and commonly-used measure with values ranging from a low of
0.5 (no better than chance) to a high of 1.0 (Fielding and Bell, 1997).
Variable importance was quantified using relative influence, or the
square of model improvement at each split in a tree, multiplied by the
number of times a variable was selected then scaled to sum to 100 within
each model (Elith et al., 2008; Friedman and Meulman, 2003). Partial
dependence plots, implemented using the “pdp” R package (Greenwell,
2017), were used to assess the relationships between individual pre-
dictor variables and recruitment for the top three variables in each
model, and to check for signs of model overfitting. In addition, the
strongest interaction between variables within each model was deter-
mined using the “gbm.interactions” function (Elith et al., 2008) with
these interactions shown using bivariate partial dependence plots.

Once recruitment models were created for each species, we
compared model performance using the RI seedling height class data
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Fig. 2. Plot-level presence of seedlings (Time 1) and sapling recruitment (Time 2) for the four tree species analyzed among all remeasured plots for which seedlings
were tallied by height class. Plots in which seedlings were present (blue and red points) contain at least one subplot used for analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

against the same models run with just one seedling size class (i.e.,
standard Phase 2 FIA protocols, Fig. 1), hereafter the “six-class” and
“one-class” models after the number of seedling height classes.

3. Results

Subplots with sapling recruitment of a given species in Time 2 tended
to have more seedlings of Class 3 (30.5-91.3 cm) or taller in Time 1, and
plots with recruitment had significantly more Class 4 and 5 seedlings
(91-305 cm) across all five tree species analyzed (Fig. 3, A1-A4). By
contrast, greater abundance of Class 1 seedlings (5.1-15.1 c¢m tall) was
negatively related to recruitment for red maple and red spruce, and Class
2 seedlings (15.2-30.4 cm tall) were positively related to recruitment
only for balsam fir and sugar maple (Fig. 3, A3). These results were
similar when considering just subplots that had been disturbed:
disturbed subplots with sapling recruitment tended to have more Class

4-6 seedlings whereas Class 1 and 2 seedlings were either less abundant
in subplots with recruitment (Fig. 4) or not significantly different
(Figures A5-A8).

Although some differences among species were evident, models of
sapling recruitment were notably similar in terms of accuracy and which
variables exerted the strongest influence (Tables 3 and 4). Using six
seedling height classes instead of one class improved model AUC for all
species, which indicates improved ability to correctly classify recruit-
ment presence and absence across a range of probability thresholds
when using six classes (Table 3, Figure A7). Class 5 or 6 seedlings were
the most important variable for each species whereas Classes 1-4 were
only retained in two cases: Class 4 for balsam fir and Class 2 for sugar
maple (Table 4). Seedling abundance made up 37-65 % of relative in-
fluence on sapling recruitment. In total, between two (red spruce) and
15 variables (sugar maple) were retained. Other notable variables were
total live tree BA (four species) and density (three species); shrub, grass
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or forb cover (four species); sapling abundance of other species (three
species); and harvesting intensity (two species) (Table 4).

Partial dependence plots suggested that across species, the proba-
bility of sapling recruitment increased sharply over low abundances of
Class 5 and 6 seedlings but leveled off at higher abundances of
1000-10000 stems ha~! depending on the species (Fig. 5). Recruitment
also tended to respond nonlinearly to total live tree BA and density, with
more recruitment in subplots with low BA or density (Fig. 5, A10-13).
Beech and sugar maple recruitment had positive threshold responses to
harvesting intensity (Figs. 5 and 6). Overall, relationships within the five
recruitment models were ecologically plausible and did not suggest
substantial overfitting (Fig. 5, A10-A13).

The strongest interaction within each model involved Class 5 or 6
seedlings for four of five species (Fig. 6). These interactions suggested
that recruitment was more likely when Class 5 or 6 seedlings were
present and growing season precipitation was low (balsam fir), total live
tree BA was low (red spruce), red maple saplings were abundant at Time
1 (red maple), and close to 100 % of tree BA was harvested (sugar
maple). Beech recruitment was more likely in subplots with > 60 % of
BA harvested and < 10 % grass cover (Fig. 6).

4. Discussion
4.1. Significance and applications of approach

Carefully structuring field surveys of tree regeneration and subse-
quent analyses is important to accurately predict future forest

composition and development. These near-term predictions are
becoming increasingly important in an era of global change, in which
forest dynamics are being altered by interactions among warming,
precipitation extremes and disturbances such as fire and insect out-
breaks (McDowell et al., 2020; Millar and Stephenson, 2015; Seidl et al.,
2017). The increasing quantity and availability of longitudinal data,
both from national forest inventories like FIA and smaller-scale tree
regeneration surveys (e.g., states or industrial ownerships), allows tree
regeneration patterns to be empirically linked to subsequent recruit-
ment. Additionally, such empirically derived indicators offer a path to-
ward more robust assessments of the ecological and management
implications of observed tree regeneration patterns. As interest in tree
planting to mitigate climate change impacts and promote forest resil-
ience surges worldwide (Dombke et al., 2020; Holl and Brancalion, 2020;
Messier et al., 2022), the approach described here could be used to
assess where tree planting might be necessary to meet management
objectives, and potentially the density at which seedlings of different
sizes and species would need to be planted to achieve successful
recruitment. Our results highlight how such quantitative assessments
can help maximize utility and insight from tree regeneration surveys,
while avoiding pitfalls that could lead to inaccurate or misleading
conclusions about forest development.

An additional advantage of constructing empirical models of
recruitment is that factors mediating seedling growth and survival can
be taken into account. For example, Zhu et al. (2015) used empirical
modeling to quantify the effects of density dependent-mortality on
seedling-to-sapling recruitment rates using standard (one seedling size
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Acer rubrum disturbed subplots (n = 236 absent, 33 present)
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Fig. 4. Violin plots comparing Acer rubrum seedling abundance in different size classes at Time 1 for subplots with and without sapling recruitment at Time 2 for
disturbed subplots only. Seedling height classes range from < 15.2 cm tall (Class 1) to > 304.8 cm tall (Class 6) (see Fig. 1 for full height class definitions). Black lines
represent 25th, 50th and 75th-percentile values. Asterisks indicate significant differences based on a Wilcoxon signed rank test with a Holm correction: *p < 0.05,
**p < 0.01, ***p < 0.001. Note that y-axis values are square root transformed for visibility.

Table 3
Accuracy of sapling recruitment models using one vs six seedling size classes,
shown by mean (standard error) of the area under the curve (AUC).

Species AUC one AUC six

Abies balsamea
Picea rubens
Acer rubrum

0.788 (0.009)
0.720 (0.036)
0.845 (0.008)
0.776 (0.028)
0.766 (0.024)

0.879 (0.009)
0.850 (0.038)
0.910 (0.013)
0.871 (0.028)
0.871 (0.020)

Acer saccharum
Fagus grandifolia

class) FIA data. However, multiple seedling height classes are useful for
examining influences on sapling recruitment because factors such as
browsing and competition with understory vegetation may affect seed-
lings differently depending on their size (Henry et al., 2021; Walters
et al., 2020). Four of five species that we analyzed were influenced by
shrub, forb, or grass cover, indicating that understory vegetation does
influence sapling recruitment. The influence of duff depth on red maple
recruitment and coarse woody material on balsam fir recruitment in our
analysis suggests that substrate characteristics can shape sapling
recruitment patterns as well. The present study’s approach could be used
to characterize and account for influences on seedling survival such as
competition and climate variability. Examining seedling-recruitment
relationships across gradients of harvesting intensity and disturbance
severity is a particularly important topic for future research because
predicting stand development is most critical when canopy gaps open
and provide opportunities for recruitment.

4.2. Effects of seedling height classes

We found that the abundance of seedlings in the two tallest size
classes (>1.5 m tall) were the best predictors of subsequent sapling
recruitment. This result was expected because larger seedlings are
already closer to sapling size and more likely to be competitively
dominant relative to other seedlings, which are ideas implicit across
prior studies that weight seedlings by size class (e.g., Bohn and Nyland,
2003; McWilliams et al., 1995; Vickers et al., 2019a,b). Surveying
dominant seedlings and saplings may be the best way to predict tree
recruitment at multi-decadal time scales (Leak, 2007). Our study was
also conducted over a relatively short 5-7-year window that likely
favored sapling recruitment from already-tall seedlings. Separating
Class 5 from Class 6 seedlings was useful in predicting sapling recruit-
ment, as demonstrated by the fact that a greater abundance of Class 5
than Class 6 seedlings was needed to maximize the probability of sapling
recruitment for the three hardwood species. The probable reason why
Class 5 rather than Class 6 seedlings were the strongest predictor of
sapling recruitment for balsam fir and red spruce is that stems of these
species commonly attain a DBH of > 2.5 cm before growing > 3 m tall
and therefore Class 6 seedlings of these species rarely exist. For example,
in our analysis Class 5 seedlings were 23-fold and 14-fold more abun-
dant than Class 6 seedlings for balsam fir and red spruce, respectively,
whereas Class 5 was only two to threefold more abundant for the other
three species.

In contrast to the strong influence of the tallest seedlings on sapling
recruitment was the surprisingly minimal effect of Class 3 and 4
(0.3-1.5-m tall) seedlings, as shown by low influence of these seedling
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Table 4

Relative influence of variables retained in the six-class version of each species
model, scaled to sum to 100% within each model. Refer to Table 1 for details on
variables, and for the directionality and shape of each relationship refer to
Figs. 5, 6 and A10-13.

Variable Abies Picea Acer Acer Fagus
balsamea rubens rubrum saccharum grandifolia
Class 2 4.8 %
seedlings
Class 4 7.2%
seedlings
Class 5 44.0 % 64.5 % 10.4 % 10.8 % 18.6 %
seedlings
Class 6 38.8 % 21.3 % 23.9%
seedlings
Conspecific 5.1%
saplings
Other saplings 7.7 % 6.6 % 3.1%
Conspecific 5.0 %
tree BA
Total tree 10.5 % 7.4 % 7.4 %
density
Total tree BA 355 % 5.9 % 4.1 % 6.3 %
Elevation 7.0 %
Aspect 2.7% 5.6 %
Coarse woody 7.9 % 6.0 %
material
Litter depth 5.2%
Duff depth 8.1%
Forb cover 5.9 % 7.0 %
Grass cover 7.3 % 5.8%
Shrub cover 6.3 % 7.8 %
Nov.-Apr. 7.1 % 6.4 %
precipitation
Nov.-Apr. 7.6 % 5.5%
temperature
May-Oct. 7.8 %
precipitation
Nov.-Apr. max. 5.7% 8.9 %
VPD
BA harvested 5.8 % 9.9 %
BA mortality 4.1 %

cohorts in the recruitment models. Our results suggest that the common
practice of lumping smaller seedlings together with larger ones, as is
done in standard FIA Phase 2 protocols, may in fact hinder our ability to
forecast near-term sapling recruitment by treating smaller, less
competitive seedlings identically to larger, more competitive seedlings.
This may be particularly problematic for slower-growing, shade-tolerant
species, such as those included in this work, that may require extended
time periods to recruit to the sapling stage including periods of sup-
pressed growth under closed canopies and growth releases when canopy
gaps open (Canham, 1990, 1985).

Perhaps the most novel result was that the abundance of Class 1 and
2 seedlings (<0.3 m tall) were in some cases negatively related to sapling
recruitment. One potential explanation is that high abundance of short
seedlings may be associated with closed-canopy forest in which oppor-
tunities for sapling recruitment are limited. Yet, these relationships were
notably similar in subplots that had been recently disturbed (>25 % tree
mortality), and therefore were likely to have canopy gaps and abundant
opportunity for sapling recruitment. One explanation is that the regen-
eration strategy of having abundant small-sized seedlings able to
respond rapidly to disturbance, (e.g., red maple, Walters and Yawney,
1990) can fail if small seedlings of a particular species are so abundant
that they are weakened by density-dependent interactions such as
competition, disease or herbivory (Yamazaki et al., 2009). Although an
analysis covering longer than 5-7 years would be necessary to firmly
establish the relationship between small seedlings and sapling recruit-
ment (see Limitations and future work), our results suggest that counts of
small seedlings must be interpreted cautiously. It is tempting to interpret
patterns of these smallest seedlings as early indicators of forest change,
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but small seedling counts alone may paint a misleading picture of stand
development unless their relationship with subsequent recruitment and
forest change can be established.

We also note that our analysis was focused on identifying key in-
dicators of near-term sapling recruitment at strategic scales. Factors
such as tree BA, browsing and competition with shrubs may limit
seedling survival and growth preferentially within intermediate-large
size classes such that abundance of small-sized seedlings may be an
unreliable predictor of sapling recruitment (Elenitsky et al., 2020; Henry
et al., 2021; Matonis et al., 2011; Walters et al., 2020). While the
methodological framework that we used can account for some inter-
acting influences, detailed analyses of seedling survival over successive
height classes or process-based models may be needed to accurately
represent such complexities when estimating seedling growth and sur-
vival. Therefore, the full set of six seedling height classes may be useful
at the scale of intensive site monitoring aimed at understanding
ecological processes, whereas separating Class 5 and Class 6 from other
seedling sizes may be a more efficient way to monitor potential
recruitment at strategic scales given limited resources.

4.3. Limitations and future work

Our analysis has several key limitations that could be addressed in
future work. First, the 5-7-year remeasurement window in our study
may not be long enough to capture the influence of the smallest seed-
lings on sapling recruitment, particularly for shade-tolerant species.
Average annual height growth rates may be < 5 cm year™! for balsam fir
and red spruce seedlings (Battles and Fahey, 2000; Dumais and Prévost,
2016; Walters et al., 2016) suggest that sapling recruitment from seed-
lings < 0.3 m tall is highly unlikely over 5-7 years. Prior work on
seedling height growth suggests that it is possible for hardwood species
within the study area, including red maple and sugar maple, to grow
from < 0.3 m tall to sapling size within 5-7 years, but only under the
most favorable conditions such as abundant light availability, minimal
browsing and little competition with understory vegetation (Beaudet
and Messier, 1998; Walters et al., 2016). Indeed, canopy gaps were
important for sapling recruitment of all species in our analysis as shown
by negative relationships with tree density or BA and/or positive re-
lationships with harvesting intensity. We did not separate vegetative
sprouts from reproduction by seed in this analysis, but sapling recruit-
ment especially from smaller seedling size classes was likely to be
skewed toward sprouts because they tend to have rapid growth rates
(Forrester et al., 2014; Solomon and Blum, 1967). Vigorous stump-
sprouting is a noted trait of red maple in particular that may explain
why recruitment was more likely in subplots which already had a high
abundance of red maple saplings (Solomon and Blum, 1967). Sprouting
may also account for the positive relationship between harvesting in-
tensity and recruitment that we observed for beech. Use of a longer
remeasurement period and/or successive inventories might reveal
varying relationships between seedling height classes and sapling or tree
recruitment.

Second, we did not consider some factors likely to influence seedling
survival and growth such as browsing pressure or microsite character-
istics (Gray and Spies, 1997; McGee and Birmingham, 1997; Walters
et al., 2020). To some extent, several of the climate and possibly ground
cover variables in our models could be serving as indicators of regions or
stands in which some of these factors that were not considered in our
analysis influenced sapling recruitment.

Third, initial results suggest that if field inventory resources are very
limited that perhaps only the tallest seedlings are inventoried when
recruitment monitoring is a key resource concern. However, in the case
of FIA’s inventory and undoubtedly other inventories the measurement
of a somewhat coarse but inclusive definition of seedlings over recurring
inventory cycles has resulted in a critical baseline of tree regeneration
abundance across numerous decades which could serve to augment
future analyses especially if tall seedling measurement protocols are
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Fig. 5. Partial dependence plots (lines) showing the marginal effect of the top three most important variables in each model on the marginal probability that sapling
recruitment is present for each species. Scale of y-axes differ to highlight the shape of each relationship. Histograms with axes at right show the distribution of each
variable. Details on variables are shown in Table 1. Note that the red spruce (Picea rubens) model only contains two variables. CWD is coarse woody debris and BA is

basal area.

widely adopted. Furthermore, the optimal seedling size classes for pre-
dicting sapling recruitment are likely to vary by region and biome ac-
cording to rates of seedling growth and survival.

Finally, we limited our analysis to five species due to sample size
limitations. In particular, the five species analyzed are shade-tolerant
and can establish and grow relatively well under a closed canopy but
may respond more slowly to the opening of canopy gaps than could be

expected for less tolerant species (Canham, 1988; Wu et al., 1999).
Therefore, future work could examine the seedling-recruitment rela-
tionship among tree species representing a broader spectrum of func-
tional traits and/or silvics. As more plots are remeasured following RI
protocols a wider array of analytical opportunities should present
themselves such as a greater array of study species, evaluation of
disturbance/harvest events, and incorporation of refined recruitment
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Fig. 6. Partial dependence plots of the strongest pair of interacting variables within each sapling recruitment models. Colors indicate the marginal probability that
sapling recruitment is present. See Table 1 for further information on each variable. BA is basal area.

dynamics beyond basic presence metrics.
5. Conclusions

Tree regeneration inventories may become increasingly important
over the coming decades as a means to document and forecast how
forests are responding to climate change, altered disturbance regimes,
invasive species, and other stressors. To ensure that the conclusions
drawn from tree regeneration data are accurate and relevant to land
managers and policy makers (e.g., 1 t.org), it is crucial to link seedling
abundances with likely outcomes in terms of recruitment and expected
forest change. Our analysis demonstrates the utility of combining lon-
gitudinal field data with empirical modeling to characterize the rela-
tionship between seedling and sapling recruitment and therefore
development of more robust forest change inferences. In terms of field
protocols, our results suggest that distinguishing and subdividing the
tallest seedlings (>1.5 m tall) is highly useful for predicting recruitment
whereas small seedling counts (<0.3 m tall) may have less utility beyond
long-term baseline assessments unless future work can establish their
relationship to stand development. Although our specific results apply to
five tree species in the northeastern USA, our methodology could be

10

applied to other tree species and ecoregions worldwide wherever lon-
gitudinal field data that include seedling size classes are available.
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