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Abstract
Tree regeneration shapes forest carbon dynamics by determining long-term forest 
composition and structure, which suggests that threats to natural regeneration may 
diminish the capacity of forests to replace live tree carbon transferred to the atmos-
phere or other pools through tree mortality. Yet, the potential implications of tree re-
generation patterns for future carbon dynamics have been sparsely studied. We used 
forest inventory plots to investigate whether the composition of existing tree regen-
eration is consistent with aboveground carbon stock loss, replacement, or gain for for-
ests across the northeastern and midwestern USA, leveraging a recently developed 
method to predict the likelihood of sapling recruitment from seedling abundance tal-
lied within six seedling height classes. A comparison of carbon stock predictions from 
tree and seedling composition suggested that 29% of plots were poised to lose carbon 
based on seedling composition, 55% were poised for replacement of carbon stocks 
(<5 Mg ha−1 difference) and 16% were poised to gain carbon. Forests predicted to lose 
carbon tended to be on steeper slopes, at lower latitudes, and in rolling upland envi-
ronments. Although plots predicted to gain and lose carbon had similar stand ages, 
carbon loss plots had greater current carbon stocks. Synthesis and applications. Our 
results demonstrate the utility of considering tree regeneration through the lens of 
carbon replacement to develop effective management strategies to secure long-term 
carbon storage and resilience in the context of global change. Forests poised to lose C 
due to climate change and other stressors could be prioritized for regeneration strate-
gies that enhance long-term carbon resilience and stewardship.
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1  |  INTRODUC TION

Tree regeneration is a key component of forest resilience, which is 
commonly defined as the degree of perturbation a system can with-
stand and still return to its previous state as opposed to shifting to 
a new state (Holling, 1973; Millar et al., 2007). Successful tree re-
generation and recruitment in temperate forests are threatened by 
widespread and varied challenges include climate change, altered 
disturbance regimes, over-browsing, pests, and pathogens (Dey 
et al., 2019). These regeneration challenges can drive shifts in for-
est composition over time, or even lead to regeneration failure fol-
lowing disturbance (Cerioni et al., 2024; Davis et al., 2023; Miller & 
McGill, 2019; Moser et al., 2010). Both despite and because of the 
high degree of uncertainty involved in predicting forest trajectories 
from tree regeneration patterns, a pressing need exists to develop 
improved tree regeneration indicators to inform forest management 
and policy (Harris et al., 2022; Vickers, McWilliams, Knapp, D'Amato, 
Saunders, et al., 2019). Tree regeneration is a major source of uncer-
tainty in predicting forest trajectories including carbon (C) dynamics 
because regeneration tends to be represented coarsely in models 
of forest dynamics (Anderegg et al., 2020; Díaz-Yáñez et al., 2024; 
Millington et al., 2013).

As forests are a globally important carbon (C) sink (Harris 
et al., 2021) their role as a natural climate solution is a growing focus 
of forest management and larger discussions surrounding climate 
mitigation policies (Daigneault et al., 2022; Domke et al., 2020). Long-
term forest C stocks and sequestration rates depend strongly on 
both resistance to mortality events as well as resilience. Resistance 
has been widely discussed in the context of C stability, particularly 
the need to pursue management and policy strategies focused on 
prioritizing forest resistance to mortality under likely future condi-
tions rather than seeking to maximize short-term C stocks (D'Amato 
et al., 2022; Hurteau et al., 2019). Yet the implications of forest re-
silience on long-term C dynamics, especially the capacity of tree 
regeneration to eventually replace C stocks reduced through tree 
mortality, have received comparatively less attention (Anderegg 
et  al.,  2020). The potential consequences of tree regeneration 

patterns are particularly important given non-native pests and dis-
turbances, such as wildfire and drought, have already increased tree 
mortality rates and threaten to reduce the strength of the forest C 
sink (Fei et al., 2019; McDowell et al., 2020). Interest in managing 
tree regeneration has also surged, especially planting trees for cli-
mate mitigation (Clark et al., 2023; Holl & Brancalion, 2020).

Evaluating the species composition of trees compared to that of 
seedlings or saplings through a lens of “C replacement” (Figure  1) 
may be a useful framework to assess whether current tree regen-
eration patterns are consistent with potentially high rates of C se-
questration in the future and what management actions (i.e., carbon 
stewardship) might encourage resilient future C stocks. However, 
two major challenges exist in defining and analyzing C replacement 
potential. First, empirical analyses of how tree species composition 
affects C storage are surprisingly rare with analyses comparing seed-
ling to tree composition from a C perspective being even rarer (e.g., 
Knott et  al.,  2023). Using seedling composition to develop indica-
tors of possible future C dynamics may provide valuable information 
for managing regeneration while potentially informing stand-based 
growth-and-yield models such as the Forest Vegetation Simulator 
(FVS) (Crookston & Dixon, 2005) that are commonly used to predict 
future C stocks and sequestration (Anderegg et al., 2020; Herbert 
et al., 2023). Second, linking seedling species composition to future 
tree composition is challenging due to highly variable seedling mor-
tality rates. The uncertainty associated with this second issue can be 
reduced by quantitatively linking seedling tallies with survival and 
recruitment of saplings and trees (Harris et al., 2022, 2024).

Here, we apply the concept of C replacement (Figure 1) by using 
existing tree regeneration patterns to develop an indicator of poten-
tial changes to future C stocks across forests of the northeastern 
and midwestern USA using field plots from the national forest in-
ventory. To better link seedling abundance to future tree compo-
sition and associated C attributes, we used a subset of USA Forest 
Service Forest Inventory and Analysis (FIA) plots that are systemati-
cally sampled across six height classes (McWilliams et al., 2015) and 
applied a recently developed method that assesses the likelihood of 
near-term sapling recruitment based on seedling abundance (Harris 

F I G U R E  1 Conceptual diagram 
illustrating aboveground forest carbon 
(C) replacement and its connection to 
tree regeneration. Live tree C is shown to 
simplify the diagram, as disturbance will 
shift C stocks from live to dead C pools 
with variable rates of C emissions over 
time.
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et al., 2022). Here we define seedlings using an upper size limit of 
2.5 cm Diameter at Breast Height (DBH; 1.3 m height) following FIA 
conventions (Bechtold & Patterson,  2005), although we acknowl-
edge that the definition of a seedling varies widely and that the FIA 
threshold is large compared to commonly used thresholds of <50 cm 
or < 100 cm tall (Martini, 2024). Our goal was to identify where and 
under what conditions (forest type, physiographic, and geographic 
setting) potential sapling recruitment, as inferred through quantifi-
cation of tree regeneration, suggests increased or decreased future 
aboveground C stocks. Although we expected considerable hetero-
geneity in C replacement potential, we had three main expectations:

1.	 A combination of heavy browsing, invasive species, and chang-
ing disturbance regimes are known to threaten regeneration 
of key late-successional species that are long-lived and attain 
large size like sugar maple (Acer saccharum Marsh.) and oak 
(Quercus) species (Bose et  al.,  2017; Miller & McGill,  2019). 
Therefore, we expect that many late-successional stands dom-
inated by these species should be poised to lose C based on 
regeneration and potential sapling recruitment patterns.

2.	 Compositional mismatch between trees and regeneration may re-
sult from successional processes. We expect that replacement of 
early successional species with late-successional species that are 
long-lived and capable of attaining greater size will tend to lead 
toward greater C stocks over time. Therefore, stands dominated 
by early to mid-successional species should be poised for C gain 
based on regeneration and may represent opportunities to aug-
ment future C stocks (Knott et al., 2023).

3.	 In forest types that historically were maintained by disturbance 
such as fire (e.g., pine and oak/pine forests) we expect regenera-
tion attributes to suggest C gain due to ongoing mesophication 
leading to denser stands of shade-tolerant species (Nowacki 
& Abrams, 2008; Zhao et al., 2021). However, gains in C stocks 
due to mesophication must be weighed against loss of eco-
logical function and cultural value in these stands (Littlefield & 
D'Amato, 2022).

2  |  METHODS

To analyze aboveground C storage and tree regeneration we used 
FIA's Regeneration Indicator (RI) dataset. Our approach is sum-
marized in Figure 2. The Northern Research Station began RI data 
collection in 2012 for a subset of 1/8 of all FIA field plots across 
the USA Midwest and Northeast, or an intensity of one plot per 
~194 km2. We used the RI dataset as opposed to the broader pool 
of FIA plots primarily due to its more detailed seedling surveys that 
were designed to provide more robust assessments of tree regen-
eration (McWilliams et al., 2015). Per RI protocols, tree seedlings are 
tallied by six different height classes within each microplot instead 
of FIA's standard single size class (McWilliams et al., 2015). RI meas-
urements also coincide with a detailed vegetation profile and litter 
and duff measurements that can be associated with regeneration 

patterns (McWilliams et al., 2015). Another advantage to using the 
RI dataset is that downed dead wood (Downed Woody Material, 
DWM) is also inventoried for this same subset of plots, enabling 
measurement-based C estimates to be calculated for DWM as op-
posed to the modeled values available for most FIA plots (Woodall 
et al., 2019). FIA plots in this region are remeasured at ~5-year inter-
vals. Here, we refer to the most recent measurement as “Time 2” and 
the prior measurement as “Time 1”.

Within each plot, one 168 m2 subplot is located at the plot center 
and three more subplots are surveyed 36.6 m away from plot cen-
ter at 0°, 120°, and 240° (Figure 3). Each subplot contains a circular 
microplot of 13.5 m2 located 3.7 m plot the subplot center at a 90° 
azimuth. Trees ≥12.7 cm DBH are surveyed in the subplots whereas 
seedlings (<2.5 cm DBH) and saplings (2.5–12.6 cm DBH) are sur-
veyed in the microplots (Bechtold & Patterson, 2005). Site attributes 
such as forest type or stand age are spatially mapped within each 
plot and can be considered a study observation within each plot 
henceforth referred to as plot conditions.

FIA plots were selected from the FIA database (Gray et al., 2012) 
for analysis based on the following criteria: (1) All four subplots had 
RI seedling data from at least two time periods (n = 1563 plots); (2) 
the entirety of the plot lay on accessible forest land as defined by 
FIA (Bechtold & Patterson, 2005); (3) artificial regeneration was not 
present; (4) the plot had been completely sampled for DDW; and 
(5) no trees were identified as cut and removed in the most recent 
measurement, to focus on natural dynamics in non-harvested plots 
(n = 1162 plots after all these criteria were applied).

2.1  |  Carbon calculations

C in live trees and standing dead trees was obtained from FIA's stem-
level estimates of aboveground C, which are calculated by the FIA 
program using the National Scale Volume and Biomass Estimators 
(NSVB) system released in October 2023 (Westfall et  al.,  2024). 
In this system, allometric models of different forms are used to 
estimate aboveground biomass from tree DBH and height. These 
models are developed by species and ecoregion (n = 6 regions over-
lapping the study area) based on a combined database of measure-
ments from >200,000 sampled trees. C is calculated from biomass 
using species-specific estimates of C fractions from either direct 
measurements or estimates based on specific gravity (Westfall 
et al., 2024). Belowground C was not considered in this analysis be-
cause it is not measured under standard FIA field protocols or RI pro-
tocols. Under current FIA protocols (post-2011) DWM is measured 
along two transects per subplot (eight per plot, Figure 3) including 
coarse woody material (CWM, ≥ 7.6 cm diameter) along the entirety 
of each 6.09-m transect and fine woody material <2.5 cm and 2.5–
7.6 cm diameter along 1.83 and 3.05 m of each transect, respectively 
(Woodall et al., 2019). The FIA program then calculates biomass and 
C from DWM components using a set of species-level and forest 
type group-level parameters (Woodall et al., 2019). C in DWM was 
calculated using condition-level calculations that were scaled to the 
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plot level using the proportion of the plot in each condition. For anal-
ysis, live tree C was calculated both by species and across species 
for each plot, and “total C” (i.e., C in live trees, standing dead trees, 
and DWM), was calculated at the plot level. Change in live tree C 
was converted to rate of change by dividing by the remeasurement 
period noted in the FIA database (4.7–8.1 years, mean of 6.0 years).

2.2  |  Species composition

Proportional species composition in each RI plot was calculated in 
two ways: C stocks (“tree C composition”) and likelihood of sapling 
recruitment based on seedling abundance (“recruitment composi-
tion”). We used this sapling recruitment likelihood instead of rela-
tive seedling abundance because the former provides a more robust 

assessment of potential outcomes of observed seedling abundance 
and therefore should lead to more accurate assessments of C re-
placement potential (Harris et al., 2022). Tree C composition was the 
proportion of live tree aboveground C that each species comprised. 
Likelihood of sapling recruitment was calculated following Harris 
et  al.  (2022), which is a method that links seedling abundance by 
RI height class to later sapling recruitment (Harris et al., 2022). The 
method involves developing Boosted Regression Tree (BRT) mod-
els (Elith et  al.,  2008) to predict the presence of newly recruited 
saplings in a given subplot measurement as a function of seedling 
abundance from RI height classes in the previous measurement and 
other variables representing terrain, climate, vegetation, and sub-
strate. Models were developed for 15 individual species with a suf-
ficient sample size (>30 subplots in which sapling recruitment was 
present, Table S1). For other species (n = 139), a general model was 
developed. Evaluations of model accuracy supported the findings 
of Harris et  al.  (2022) that the use of RI seedling height improves 
predictions of sapling recruitment as compared with standard FIA 
seedling tallies in one size class (Table S2). The general model of all 
species combined was only marginally less accurate than most of the 
individual species models (Table S2), indicating that robust estimates 
of recruitment likelihood could be produced from a general model as 
well as the individual species models. Recruitment model develop-
ment and evaluation are detailed in the Appendix S1.

Recruitment models were used to generate the probability 
of sapling recruitment for each species in each subplot based 
on Time 2 (most recent) RI seedling abundance. If no seedlings 
of a given species were present, the probability of recruitment 
for that species was assumed to be zero. Recruitment probabili-
ties were averaged at the plot level and relativized among species 

F I G U R E  2 Outline of methodology used to relate tree species composition to carbon (C) stocks and assess the implications of tree 
regeneration and associated sapling recruitment patterns for C replacement using forest inventory plots in which seedling abundance is 
tallied within six different height classes.

F I G U R E  3 Illustration of the Forest Inventory and Analysis plot 
design used in this analysis.

 20457758, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70077 by A

nthony W
. D

'A
m

ato - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [07/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  5 of 13HARRIS et al.

to generate recruitment composition scores that represent rela-
tive recruitment probabilities. For example, if a plot had sapling 
recruitment probabilities of 0.8 for Acer saccharum, 0.7 for Fagus 
grandifolia, 0.5 for Betula alleghaniensis, and no seedlings of any 
other species, recruitment composition values for these species 
would be 0.4, 0.35 and 0.25 respectively. The result was a novel 
metric of potential sapling recruitment composition that provides 
a more accurate assessment of near-term stand trajectories than 
raw seedling abundance.

To enable species composition of trees and seedling to be 
compared with one another, Nonmetric Multidimensional Scaling 
(NMDS) ordination was used to quantify and visualize species 
composition based on live tree C and recruitment composition at 
Time 2. Two steps were taken to help construct a robust and in-
terpretable ordination. First, species which represented <1% of 
both overall live tree C and recruitment composition (n = 118 spe-
cies) were collapsed into an “other species” category (Table  S3). 
Second, we used FIA forest type group classifications (Burrill 
et al., 2021) to remove groups with <20 plots, leaving seven com-
mon forest type groups (Table 1). Because forest types and type 
groups are classified at the condition level (Burrill et al., 2021), we 
assigned such classifications to individual plots based on the con-
dition within the plot that represented the largest proportion of 
the plot and used the condition at the plot center in the case of 
ties. In addition, two forest types within the white/red/jack pine 
group were removed (red pine and jack pine) because we found 
that plots representing these forest types produced outliers in the 
ordinations. Best practices for constructing ordinations are widely 
debated (Poos & Jackson, 2012), including treatment of rare spe-
cies/groups and outliers. Jack pine (Pinus banksiana) and red pine 
(Pinus resinosa) are both fire-associated species that reach their 
southern range limit within our study area and stands dominated 
by these species may have been too compositionally distinct to be 
well-represented in the ordination given their ecology and small 
sample size (n = 10 and 14 respectively) within the plots used in 
this study. Removing these plots left 1076 of the original 1162 RI 

plots that met our criteria, including 1075 plots with nonzero live 
tree C and 1068 plots with at least one seedling present (therefore 
n = 2143 entries in the ordination). These plots contained an aver-
age of 6.5 species (standard deviation [SD] = 2.5) in the live tree 
layer and 6.9 (SD = 3.5) species per plot for seedlings across the six 
height classes in the most recent (Time 2) measurement, including 
the uncommon species combined into the “other species” cate-
gory. In the previous measurement (Time 1) these plots averaged 
6.4 (SD = 2.6) species per plot for live trees and 7.4 (SD = 3.7) spe-
cies per plot for seedlings. NMDS ordinations were run using the 
“metaMDS” function in the “vegan” R package (Oksanen,  2022). 
The Bray–Curtis dissimilarity index was used, the maximum num-
ber of iterations within a run was set to 999 and the best solution 
was chosen from 250 random starts. Four dimensions were used 
to maintain interpretability while reducing stress (0.13 in the final 
NMDS ordination) to an acceptable level (i.e., <0.2, Kruskal, 1964).

2.3  |  Models of carbon stocks

After performing the ordination to represent species composition, 
Random Forest models (Breiman, 2001) were developed to link tree 
species composition to C stocks, enabling assessment of C replace-
ment potential by comparing C stock predictions based on tree as op-
posed to recruitment composition. These models isolated the effect 
of species composition from other potential determinants of C stocks 
such as stand age. Two response variables were considered: (1) live 
aboveground tree C stocks in Time 2 (“live C”) and (2) total above-
ground tree C stocks in live trees, standing dead trees, and DWM 
(“total C”). Predictors included ordination scores for tree C composi-
tion from each of the four ordination axes, stand age, terrain, climate 
and recent disturbance and treatment history (Table 2). Each model 
was built using 1000 regression trees and otherwise default settings 
in the “randomForest” R package (Liaw & Wiener,  2002). Variable 
importance was quantified as the increase in mean standard error 
(normalized by standard deviation) that occurred when individual 
variables were randomly permuted (Breiman, 2001). Partial depend-
ence plots, implemented in the “pdp” R package (Greenwell, 2017) 
were used to visualize the effects of predictor variables on C stor-
age. We compared models that were run using either three climate 
variables (1991–2020 mean annual temperature, total precipitation 
and vapor pressure deficit) derived from gridded climate data (Daly 
et al., 2008, 2015) or latitude and longitude. We selected the mod-
els using latitude and longitude as they had greater accuracy based 
on pseudo-r2 calculated from out-of-bag data. We also attempted 
to build models of C stock change (change in live tree C and total 
C from Time 1 to Time 2) but obtained very low model accuracy 
(pseudo-r2 < 10%).

C stock models were used to quantify the potential for C replace-
ment at the plot level by comparing predictions of C stocks using 
tree composition vs. recruitment composition at equivalent stand 
ages. Because the live C model had higher accuracy than the total 
C model but the two models were otherwise similar, predictions 

TA B L E  1 Summary of forest inventory plots used in the analysis 
by forest type group, including mean (standard deviation) of carbon 
(C) stocks.

Forest type group Plots
Live tree C 
(Mg C ha−1)

Total tree C 
(Mg C ha−1)a

Aspen/birch 113 48.2 (24.8) 56.2 (26.5)

Elm/ash/cottonwood 74 61.6 (34.9) 71.9 (39.3)

Maple/beech/birch 304 73.2 (36.1) 85 (44.9)

Oak/hickory 317 75.3 (36.8) 84.7 (38.9)

Oak/pine 34 72.4 (32.4) 81.3 (34.7)

White/red/jack pine 36 88.6 (36) 100.1 (38.1)

Spruce/fir 198 45.7 (25.5) 55.5 (31.2)

All groups 1076 65.8 (35.7) 76.0 (40.5)

aAboveground carbon in live trees, standing dead trees and downed 
woody material.
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were generated from the live C model for this analysis. Predicted 
C stock values were generated using ordination axis scores from (1) 
live tree C composition (which was used to build the models) and (2) 
recruitment composition (based on sapling recruitment likelihood). 
We generated these predictions for each plot with stand age set to 
100 years and other variables (apart from ordination scores) kept at 
their observed values. A sensitivity analysis demonstrated that re-
sults obtained at a stand age of 100 years also held across a range of 
maturing to mature stand ages of 60–140 years (see Appendix S1). 
The difference between predicted C stocks using tree C scores and 
sapling recruitment likelihood scores was used to quantify C replace-
ment potential. To simplify the results, we divided plots into three 
categories: “replacement” plots had ≤5 Mg ha−1 difference in pre-
dicted C stocks, whereas “loss” and “gain” plots were those in which 
recruitment composition implied >5 Mg ha−1 loss or gain in C stocks, 
respectively. Results were robust to the use of categorized vs. non-
categorized difference in predicted C stocks (see Appendix S1).

To identify factors associated with C replacement potential and 
to evaluate the extent to which our expectations for C replacement 
potential were met, the site and stand-level variables which differed 
significantly by C replacement category (loss, replacement and gain) 
were assessed using Kruskal-Wallis tests for continuous variables 
and Chi-square tests for factors. A Holm-Bonferroni correction 
was applied for multiple comparisons. The following variables were 
considered: latitude, longitude, elevation, slope, aspect, live tree C 
stocks, standing dead tree C stocks, CWM C stocks, change in live 
tree C from Time 1 to Time 2, mean annual temperature, annual pre-
cipitation, vapor pressure deficit, ownership group, physiographic 
class, disturbance type, and forest type group. Results are shown 
only for variables with significant differences (p < .05).

3  |  RESULTS

3.1  |  Carbon stocks and species composition

Live tree C stocks averaged 65.8 Mg ha−1 and total C (including snags 
and DWM) averaged 76.0 Mg ha−1 with high variability among forest 
type groups (Table 1). The model of live tree C stocks had a pseudo-
r2 of 41.8%, as compared with 36.9% for a model of total C. Stand 
age had the strongest influence on live C stocks, followed by lati-
tude (Figure S1). Ordination axes 1 and 2 were the third and sixth 
most important variables, respectively, with physiographic setting 
fourth and longitude fifth. The other 10 variables, including ordina-
tion axes 3 and 4, were of low–moderate importance. Variable im-
portance in the total C model was very similar to that of the live C 
model (Figure S2). The two models were also highly similar in terms 
of the shape of relationships with each predictor, as shown by partial 
dependence plots (Figures S3 and S4). Bivariate partial dependence 
plots of the ordination axis values (Figure 4) suggested that live C 
stocks tended to be greater in plots dominated by Acer saccharum, 
Tsuga canadensis, and Fagus grandifolia, and lowest in stands with 
Picea mariana and Larix laricina. Ordination axes 3 and 4 indicated 
that C stocks tended to be greater in oak-dominated (Quercus sp.) 
plots (Figure 4).

3.2  |  Recruitment composition and carbon 
replacement

Overall, 55% of plots were within the category of C replacement 
whereas 29% and 16% were within the C loss and gain categories, 
respectively. Although the mean difference in predicted C stocks 
between recruitment and tree composition was small (−2.2 Mg ha−1), 
we observed considerable variability (SD = 7.7 Mg ha−1) and spatial 
heterogeneity (Figure 5). Plots that were predicted to lose C based 
on recruitment composition tended to be farther south and be lo-
cated in hillslope and rolling upland environments (Figure 6b–c, e–f). 
C loss plots tended to have lower current C stocks than C gain plots 
(Figure 6a), yet C gain and loss plots were similar in terms of stand 
age whereas C replacement stands tended to be younger (Figure 6d). 
Whether plots were predicted to gain or lose C storage based on 
recruitment composition also varied by forest type group, with the 
lowest C replacement and gain prospects in maple/beech/birch and 
oak/hickory forests and the greatest prospects in spruce/fir forests 
(Figure 6g).

4  |  DISCUSSION

Tree regeneration and associated sapling recruitment is increasingly a 
key consideration of forest management, including adjusting silvicul-
tural systems to improve natural regeneration (Kenefic et al., 2021; 
Rogers et  al.,  2022) and planting trees for climate adaptation and 
mitigation (Clark et al., 2023). Given limited resources, management 

TA B L E  2 Variables used in models of carbon (C) stocks.

Variable Sourcea Details

Tree species composition Ordination 
scores

C composition values 
from each of 4 axes

Stand age Condition

Physiographic class Condition

Forest type group Condition

Elevation Plot

Slope Condition

Aspect Condition

Land ownership Condition Private, USDA Forest 
Service, other federal 
land, or state/local

Disturbance type Condition None, insects, 
disease, fire, animals, 
weather, vegetation, 
human and unknown

Latitude Plot

Longitude Plot

aName of table from Forest Inventory and Analysis database, or species 
compositional scores from the ordination.
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for improved tree regeneration must be targeted where interven-
tions will be the most effective at increasing forest resilience and 
adaptive capacity (Webster et al., 2018). The indicator and broader 
concept of C replacement that we explore in this work is useful for 
identifying stand and site-level conditions under which managing for 
regeneration might confer the greatest benefit in terms of secur-
ing resilient forest C stocks. Although the mean difference between 
projected C stocks based on seedling as opposed to tree compo-
sition was small, we found substantial variability in C replacement 
potential by physiographic setting, forest type group and current C 
storage that together suggest both challenges and opportunities. 
Forests poised to lose C due to transfers to the atmosphere or other 
pools via tree mortality without concomitant sapling recruitment 
could be prioritized when developing landscape to regional-scale 
management strategies, and critically assessed to determine how re-
generation could be managed to increase C resilience. Although we 

did not attempt to develop robust predictions of future C stocks, our 
results underscore the need to better understand and predict tree 
regeneration patterns from a C dynamics perspective (Anderegg 
et al., 2020) that could inform future, refined modeling exercises.

Our results are consistent with our first expectation, that stands 
dominated by late-successional species with known regeneration 
challenges such as sugar maple and oaks (Bose et al., 2017; Miller 
& McGill, 2019) would have low C replacement potential. Oak/hick-
ory forests had the greatest potential for C loss in our analysis with 
results indicating shifts away from oak species toward other hard-
woods. The circumstance that oaks are underrepresented in the re-
generation layer relative to the overstory in the eastern USA, along 
with shifts toward mesophytic species in mixed-oak stands, has long 
been an issue of concern and is due to a complex assortment of fac-
tors including insufficiently frequent or intense disturbance (Brose 
et al., 2013; Larsen & Johnson, 1998; Woodall et al., 2008). Maple/

F I G U R E  4 Ordination scores for tree 
species, and partial dependence plots 
displaying the marginal influence of 
species composition on predicted live 
aboveground tree carbon (C) stocks. 
Arrows show average species composition 
of live tree C (beginning of arrow) and 
recruitment composition (end of arrow) 
by forest type group. Longer arrows 
represent forest type groups where the 
composition of live tree C varied more 
from the composition of seedlings.
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beech/birch forests had the second-highest potential for C loss, and 
we found that seedling composition was shifted away from sugar 
maple and toward other species including American beech (Fagus 
grandifolia Ehrh.). In maple/beech/birch forests, sugar maple (asso-
ciated with high C stocks in our analysis) is often abundant among 
small seedling size classes yet fails to meet stocking criteria for larger 
seedlings and saplings due to factors including heavy browsing by 
white-tailed deer (Odocoileus virginianus) and interference from 
shrubs and understory trees (Henry et al., 2021). It is also notable 
that the maple/beech/birch and oak/hickory groups have the great-
est degree of field-estimated browsing impacts among forest type 
groups in the study region (McWilliams et al., 2018). Overall, our re-
sults are consistent with the idea that regeneration challenges for 
sugar maple and oak species will negatively affect future forest C 
storage.

Evidence was mixed for our second main expectation, that on-
going successional processes might lead to C gain potential in for-
ests where overstories are dominated by early to mid-successional 
species (Knott et  al.,  2023). Consistent with this expectation, the 
two forest groups dominated by early to mid-successional species 
(aspen/birch, elm/ash/cottonwood) also had stronger C replacement 
prospects than the forest groups associated with late-successional, 
longer-lived species (maple/beech/birch, oak/hickory). Also, we 
found that stands with currently low aboveground C stocks were 
poised to gain C on average based on seedling composition. Counter 
to this expectation, however, C loss and gain plots had similar stand 
age distributions. Therefore, our results suggest, perhaps counter-
intuitively, that challenges with C replacement are most acute in 
more productive settings (as indicated by high C stocks in relation to 
stand age). Regeneration may be suppressed in productive sites that 
achieve canopy closure, but because our methodology relies on rel-
ative composition of regeneration rather than absolute abundance, 
our results indicate challenges with C replacement in productive 

stands based on seedling species composition rather than low 
abundance.

Finally, we expected forest types historically associated with dis-
turbance to be poised for C gain on average due to ongoing forest me-
sophication in the absence of disturbance. In support of this idea, we 
found that oaks were underrepresented in the seedling layer of oak/
hickory forests resulting in poor C replacement potential. Also, fire-
prone physiographic settings (dry slopes and ridges and deep sands) 
had better C replacement prospects than most settings. However, 
pine and oak/pine forests were more likely to lose than gain C based 
on seedling composition. Eastern white pine (Pinus strobus L.) ac-
counted for the majority of pine and oak/pine plots in our analysis and 
is a long-lived tree capable of attaining large size and high stand-level 
carbon stocking (Abrams, 2001; Waterman et  al.,  2020). Therefore, 
compositional shifts away from white pine may lead to lower C stocks. 
To the extent that disturbance-associated forest types are poised for 
C gain due to mesophication, the potential to increase C stocks must 
be considered in the context of tradeoffs with other ecosystem bene-
fits (Littlefield & D'Amato, 2022; Zhao et al., 2021).

Although standing dead trees and DWM comprised a substantial 
10 Mg C ha−1 on average in our analysis, we found that modeling total 
aboveground tree C (live tree C and deadwood C) resulted in a less 
accurate but otherwise highly similar model compared with a model 
of live C only. In agreement with prior work indicating that C in dead-
wood is highly variable and difficult to predict (Woodall et al., 2013, 
2015), these results suggest that uncovering empirical associations 
with deadwood C is a difficult task and furthermore that considering 
tree species composition may not help to predict deadwood C storage. 
Additionally, although we did not consider belowground C, it could po-
tentially be considered in future work as inventory-based estimates of 
soil organic C continue to be improved (Domke et al., 2017).

We conducted our analysis under a working hypothesis that 
composition of tree regeneration tied to sapling recruitment is an 

F I G U R E  5 Difference in predicted 
aboveground live tree carbon stocks when 
using recruitment composition (predicted 
likelihood of sapling recruitment) 
as opposed to current tree species 
composition, at a stand age of 100 years. 
Blue (red) values indicate greater (lesser) 
predicted carbon storage based on 
recruitment composition.
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indicator of near-term species dynamics. This hypothesis under-
pins a body of literature using differences between tree and seed-
ling presence or abundance to indicate species range shifts (Bell 
et al., 2014; Lenoir et al., 2009; Woodall et al., 2009) and potential 
changes in composition (Knott et al., 2023; Miller & McGill, 2019). 
Site-specific studies within our study region do suggest that 
tree seedling patterns, and advance regeneration in particular, 
often dictate near-term forest dynamics following disturbance 

(Leak, 2007; Plotkin et al., 2013). By adjusting seedling abundance 
to account for the influence of seedling height class and other 
stand and site-level factors on expected sapling recruitment, we 
went a step further than studies comparing seedling to tree abun-
dance. Greater survival and sapling recruitment rates for large-
sized seedlings as compared with small seedlings make accounting 
for seedling size important when assessing how regeneration may 
affect future forest dynamics (Harris et  al.,  2022; McWilliams 

F I G U R E  6 Variation in carbon (C) replacement, i.e., plots predicted to lose, replace or gain C stocks based on recruitment composition 
compared to tree composition at a predicted stand age of 100 years, by physiography, geography, and stand attributes: (a) live tree C, 
(b) slope, (c) latitude, (d) stand age, (e) aspect, (f) physiographic setting and (g) forest type group. Variables are ordered alphabetically 
by significance (Kruskal–Wallis test for numeric variables and Chi-squared test for categorical variables) and p-values (Holm-Bonferroni 
correction applied) are reported in each panel. For categorical variables, number of plots in each category is shown above each bar. Flood. = 
floodplain, Elm/ash/cott. = Elm/ash/cottonwood, and Maple/B/B = Maple/Beech/Birch.
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et  al.,  1995, 2015; Vickers, McWilliams, Knapp, D'Amato, Dey, 
et al., 2019). Moreover, the drivers of seedling and sapling growth 
and survival vary by ontogeny, which suggests that overly coarse 
regeneration surveys (i.e., one size class for seedlings) may some-
times be a misleading indicator of potential forest change (Harris 
et al., 2024; Henry et al., 2021; Walters et al., 2020). However, we 
still assume that sapling composition is an indicator of future can-
opy tree composition. This hypothesis is likely to confounded by 
the wide variety of forest conditions across the eastern US includ-
ing highly disturbed, multi-aged systems versus managed even-
aged timberlands. Because we focused on advanced regeneration 
and potential sapling recruitment in mostly closed-canopy forests, 
our analysis may overestimate what the relative abundance of 
shade-tolerant species would be in the decades following a severe 
disturbance. Therefore, our assessment of C replacement poten-
tial may be optimistic given that shade-tolerant species tended 
to be associated with greater C stocks. In future work, potential 
tree composition could be predicted from sapling composition 
using statistical techniques to estimate tree recruitment, growth 
and mortality (Schultz et al., 2022); or by using stand projection 
models such as the Forest Vegetation Simulator (Crookston & 
Dixon, 2005) to predict C trajectories under different natural dis-
turbance (Murray et al., 2024) or timber harvesting scenarios.

Other sources of uncertainty are (1) that our analysis includes 
the C stock model and (2) the sparse nature of the RI plots, espe-
cially compared to the full pool of FIA plots (one plot per 194 km2 
vs. 24 km2). It is perhaps unsurprising that the majority of plot-level 
variability in live tree C stocks (58%) was not explained by our model 
given the heterogeneity of forests in the study area and the simpli-
fied representation of species composition (i.e., ordination scores) 
that we used. We emphasize that we were not attempting to develop 
a robust model of future C stocks, but rather to develop an indicator 
to assist with interpreting and managing tree regeneration patterns. 
The RI dataset was developed to provide more robust indicators of 
regeneration with its value demonstrated in regional-scale studies 
(Harris et al., 2022, 2024; Vickers, McWilliams, Knapp, D'Amato, Dey, 
et al., 2019). The use of the RI dataset was warranted in this particular 
analysis to provide a more accurate indicator of sapling recruitment 
while enabling assessment of DWM C. Additionally, repeating our 
analysis using FIA's standard single seedling size class yielded broadly 
similar results (see Appendix S1) suggesting that extending our meth-
odology to the full set of FIA plots that collect coarse seedling abun-
dance measurements may be warranted in future work.

5  |  CONCLUSION

To effectively develop forest carbon management strategies, it 
may be important to both assess the implications of tree regen-
eration for future forest composition and to connect these com-
positional shifts to changes in ecosystem structure and function 
related to carbon dynamics. In this study, a sapling recruitment in-
dicator was developed from a regeneration inventory and applied 

to assess a potential quantification of C resiliency. We focused 
our analysis on aboveground C stocks, but the impact of poten-
tial compositional shifts on other aspects of forest structure and 
function also deserve consideration particularly in the context of 
resilience to future conditions induced by climate change. This is 
consistent with broader calls for forest C stewardship practices 
that not only focus on maintaining and increasing C storage, but 
also long-term C resilience in the face of changing climate and 
disturbance regimes (Anderegg et al., 2020; D'Amato et al., 2022; 
Vilsack, 2022). Our results indicate that aboveground C replace-
ment potential is to some extent predictable by physiographic set-
ting, current C stocks and forest type group. These associations 
could be used to identify areas that are most vulnerable to losing C 
storage capacity and prioritize these areas when developing man-
agement strategies to increase tree regeneration and associated 
sapling recruitment success.

AUTHOR CONTRIBUTIONS
Lucas B. Harris: Conceptualization (equal); formal analysis (lead); 
methodology (equal); writing – original draft (lead). Christopher 
W. Woodall: Conceptualization (equal); methodology (equal); 
writing – review and editing (equal). Anthony W. D'Amato: 
Conceptualization (equal); methodology (equal); writing – review 
and editing (equal).

ACKNOWLEDG EMENTS
We thank Jonathan Knott and Melissa Pastore for providing valu-
able comments on an earlier version of this manuscript and the US 
Department of Interior, Northeast and Midwest Climate Adaptation 
Science Centers, for providing funding that supported this work. 
Foremost, we wish to acknowledge with gratitude the vision and 
dedication of William McWilliams for his decades of work with state 
and federal officials to realize the systematic sampling of tree re-
generation metrics across forests of the northern US that underlie 
this study.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
This study used publicly available forest inventory data from the 
USDA Forest Service FIA database (https://​doi.​org/​10.​7809/​b-​e.​
00079​).

ORCID
Lucas B. Harris   https://orcid.org/0000-0002-1416-5645 
Christopher W. Woodall   https://orcid.org/0000-0001-8076-6214 
Anthony W. D’Amato   https://orcid.org/0000-0002-2570-4376 

R E FE R E N C E S
Abrams, M. D. (2001). Eastern white pine versatility in the presettlement 

forest. Bioscience, 51, 967–979. https://​doi.​org/​10.​1641/​0006-​
3568(2001)​051[0967:​EWPVIT]​2.0.​CO;​2

 20457758, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70077 by A

nthony W
. D

'A
m

ato - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [07/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.7809/b-e.00079
https://doi.org/10.7809/b-e.00079
https://orcid.org/0000-0002-1416-5645
https://orcid.org/0000-0002-1416-5645
https://orcid.org/0000-0001-8076-6214
https://orcid.org/0000-0001-8076-6214
https://orcid.org/0000-0002-2570-4376
https://orcid.org/0000-0002-2570-4376
https://doi.org/10.1641/0006-3568(2001)051%5B0967:EWPVIT%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051%5B0967:EWPVIT%5D2.0.CO;2


    |  11 of 13HARRIS et al.

Anderegg, W. R. L., Trugman, A. T., Badgley, G., Anderson, C. M., 
Bartuska, A., Ciais, P., Cullenward, D., Field, C. B., Freeman, J., 
Goetz, S. J., Hicke, J. A., Huntzinger, D., Jackson, R. B., Nickerson, 
J., Pacala, S., & Randerson, J. T. (2020). Climate-driven risks to the 
climate mitigation potential of forests. Science, 368, 7005. https://​
doi.​org/​10.​1126/​scien​ce.​aaz7005

Bechtold, W. A., & Patterson, P. L. (Eds.). (2005). The enhanced Forest 
inventory and analysis program — National Sampling Design and esti-
mation procedures. USDA Forest Service Southern Research Station 
General Technical Report SRS-80.

Bell, D. M., Bradford, J. B., & Lauenroth, W. K. (2014). Early indicators 
of change: Divergent climate envelopes between tree life stages 
imply range shifts in the western United States. Global Ecology 
and Biogeography, 23, 168–180. https://​doi.​org/​10.​1111/​geb.​
12109​

Bose, A. K., Weiskittel, A., & Wagner, R. G. (2017). A three decade assess-
ment of climate-associated changes in forest composition across 
the north-eastern USA. Journal of Applied Ecology, 54, 1592–1604. 
https://​doi.​org/​10.​1111/​1365-​2664.​12917​

Breiman, L. (2001). Random forests. Machine Learning, 45, 5–32.
Brose, P. H., Dey, D. C., Phillips, R. J., & Waldrop, T. A. (2013). A meta-

analysis of the fire-oak hypothesis: Does prescribed burning pro-
mote oak reproduction in eastern North America? Forest Science, 
59, 322–334. https://​doi.​org/​10.​5849/​forsci.​12-​039

Burrill, E. A., DiTommaso, A. M., Turner, J. A., Pugh, S. A., Christensen, 
G., & Perry, C. J. (2021). The Forest inventory and analysis database: 
Database description and user guide for phase 2 (version 9.0.1). USDA 
Forest Service, Forest Inventory and Analysis Program.

Cerioni, M., Brabec, M., Bače, R., Bāders, E., Bončina, A., Brůna, J., 
Chećko, E., Cordonnier, T., de Koning, J. H. C., Diaci, J., Dobrowolska, 
D., Dountchev, A., Engelhart, J., Fidej, G., Fuhr, M., Garbarino, 
M., Jansons, Ā., Keren, S., Kitenberga, M., … Nagel, T. A. (2024). 
Recovery and resilience of European temperate forests after large 
and severe disturbances. Global Change Biology, 30, 1–18. https://​
doi.​org/​10.​1111/​gcb.​17159​

Clark, P. W., D'Amato, A. W., Palik, B. J., Woodall, C. W., Dubuque, P. A., 
Edge, G. J., Hartman, J. P., Fitts, L. A., Janowiak, M. K., Harris, L. B., 
Montgomery, R. A., Reinikainen, M. R., & Zimmerman, C. L. (2023). 
A lack of ecological diversity in forest nurseries limits achievement 
of tree planting objectives in response to global change. Bioscience, 
20, 1–12. https://​doi.​org/​10.​1093/​biosci/​biad049

Crookston, N. L., & Dixon, G. E. (2005). The forest vegetation simulator: 
A review of its structure, content, and applications. Computers and 
Electronics in Agriculture, 49, 60–80. https://​doi.​org/​10.​1016/j.​com-
pag.​2005.​02.​003

Daigneault, A., Baker, J. S., Guo, J., Lauri, P., Favero, A., Forsell, N., 
Johnston, C., Ohrel, S. B., & Sohngen, B. (2022). How the future 
of the global forest sink depends on timber demand, forest man-
agement, and carbon policies. Global Environmental Change, 76, 
102582. https://​doi.​org/​10.​1016/j.​gloen​vcha.​2022.​102582

Daly, C., Halbleib, M., Smith, J. I., Gibson, W. P., Doggett, M. K., Taylor, 
G. H., Curtis, J., & Pasteris, P. P. (2008). Physiographically sensitive 
mapping of climatological temperature and precipitation across the 
conterminous United States. International Journal of Climatology, 28, 
2031–2064. https://​doi.​org/​10.​1002/​joc

Daly, C., Smith, J. I., & Olson, K. V. (2015). Mapping atmospheric moisture 
climatologies across the conterminous United States. PLoS One, 10, 
e0141140. https://​doi.​org/​10.​1371/​journ​al.​pone.​0141140

D'Amato, A. W., Woodall, C. W., Weiskittel, A. R., Littlefield, C. E., & Murray, 
L. T. (2022). Carbon conundrums: Do United States' current carbon 
market baselines represent an undesirable ecological threshold ? Global 
Change Biology, 28, 3991–3994. https://​doi.​org/​10.​1111/​gcb.​16215​

Davis, K. T., Robles, M. D., Kemp, K. B., Higuera, P. E., Chapman, T., 
Metlen, K. L., Peeler, J. L., Rodman, K. C., Woolley, T. J., Addington, 
R. N., Buma, B. J., Cansler, C. A., Case, M. J., Collins, B. M., Coop, J. 
D., Dobrowski, S. Z., Gill, N. S., Haffey, C., Harris, L. B., … Campbell, 

J. L. (2023). Reduced fire severity offers near-term buffer to 
climate-driven declines in conifer resilience across the western 
United States. Proceedings of the National Academy of Sciences, 120, 
e2208120120. https://​doi.​org/​10.​1073/​pnas.​22081​20120​

Dey, D. C., Knapp, B. O., Battaglia, M. A., Deal, R. L., Hart, J. L., O'Hara, 
K. L., Schweitzer, C. J., & Schuler, T. M. (2019). Barriers to natural 
regeneration in temperate forests across the USA. New Forests, 50, 
11–40. https://​doi.​org/​10.​1007/​s1105​6-​018-​09694​-​6

Díaz-Yáñez, O., Käber, Y., Anders, T., Bohn, F., Braziunas, K. H., Brůna, J., 
Fischer, R., Fischer, S. M., Hetzer, J., Hickler, T., Hochauer, C., Lexer, 
M. J., Lischke, H., Mairota, P., Merganič, J., Merganičová, K., Mette, 
T., Mina, M., Morin, X., … Bugmann, H. (2024). Tree regeneration 
in models of forest dynamics: A key priority for further research. 
Ecosphere, 15, 1–25. https://​doi.​org/​10.​1002/​ecs2.​4807

Domke, G. M., Oswalt, S. N., Walters, B. F., & Morin, R. S. (2020). Tree 
planting has the potential to increase carbon sequestration ca-
pacity of forests in the United States. Proceedings of the National 
Academy of Sciences, 1–3, 24649–24651. https://​doi.​org/​10.​1073/​
pnas.​20108​40117​

Domke, G. M., Perry, C. H., Walters, B. F., Nave, L. E., Woodall, C. W., 
& Swanston, C. W. (2017). Toward inventory-based estimates 
of soil organic carbon in forests of the United States. Ecological 
Applications, 27, 1223–1235. https://​doi.​org/​10.​1002/​eap.​1516

Elith, J., Leathwick, J. R., & Hastie, T. (2008). A working guide to boosted 
regression trees. The Journal of Animal Ecology, 77, 802–813. https://​
doi.​org/​10.​1111/j.​1365-​2656.​2008.​01390.​x

Fei, S., Morin, R. S., Oswalt, C. M., & Liebhold, A. M. (2019). Biomass 
losses resulting from insect and disease invasions in US forests. 
Proceedings of the National Academy of Sciences of the United States 
of America, 116, 17371–17376. https://​doi.​org/​10.​1073/​pnas.​
18206​01116​

Gray, A., Brandeis, T., Shaw, J., McWilliams, W., & Miles, P. (2012). Forest 
inventory and analysis database of The United States of America 
(FIA). Biodiversity & Ecology, 4, 225–231. https://​doi.​org/​10.​7809/​
b-​e.​00079​

Greenwell, B. M. (2017). Pdp: An R package for constructing partial de-
pendence plots. The R Journal, 9, 421–436.

Harris, L. B., Woodall, C. W., & D'Amato, A. W. (2022). Increasing the 
utility of tree regeneration inventories: Linking seedling abundance 
to sapling recruitment. Ecological Indicators, 145, 109654. https://​
doi.​org/​10.​1016/j.​ecoli​nd.​2022.​109654

Harris, L. B., Woodall, C. W., & D'Amato, A. W. (2024). Relationships be-
tween juvenile tree survival and tree density, shrub cover and tem-
perature vary by size class based on ratios of abundance. Canadian 
Journal of Forest Research, 54, 122–133. https://​doi.​org/​10.​1139/​
cjfr-​2023-​0097

Harris, N. L., Gibbs, D. A., Baccini, A., Birdsey, R. A., de Bruin, S., Farina, 
M., Fatoyinbo, L., Hansen, M. C., Herold, M., Houghton, R. A., 
Potapov, P. V., Suarez, D. R., Roman-Cuesta, R. M., Saatchi, S. 
S., Slay, C. M., Turubanova, S. A., & Tyukavina, A. (2021). Global 
maps of twenty-first century forest carbon fluxes. Nature Climate 
Change, 11, 234–240. https://​doi.​org/​10.​1038/​s4155​8-​020-​
00976​-​6

Henry, C. R., Walters, M. B., Finley, A. O., Roloff, G. J., & Farinosi, E. J. 
(2021). Complex drivers of sugar maple (Acer saccharum) regen-
eration reveal challenges to long-term sustainability of managed 
northern hardwood forests. Forest Ecology and Management, 479, 
118541. https://​doi.​org/​10.​1016/j.​foreco.​2020.​118541

Herbert, C., Fried, J. S., & Butsic, V. (2023). Validation of Forest vege-
tation simulator model finds overprediction of carbon growth in 
California. Forests, 14, 604. https://​doi.​org/​10.​3390/​f1403​0604

Holl, K. D., & Brancalion, P. H. S. (2020). Tree planting is not a simple 
solution. Science, 368, 580–582.

Holling, C. S. (1973). Resilience and stability of ecological systems. Annual 
Review of Ecology and Systematics, 4, 1–23. https://​doi.​org/​10.​1146/​
annur​ev.​es.​04.​110173.​000245

 20457758, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70077 by A

nthony W
. D

'A
m

ato - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [07/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1111/geb.12109
https://doi.org/10.1111/geb.12109
https://doi.org/10.1111/1365-2664.12917
https://doi.org/10.5849/forsci.12-039
https://doi.org/10.1111/gcb.17159
https://doi.org/10.1111/gcb.17159
https://doi.org/10.1093/biosci/biad049
https://doi.org/10.1016/j.compag.2005.02.003
https://doi.org/10.1016/j.compag.2005.02.003
https://doi.org/10.1016/j.gloenvcha.2022.102582
https://doi.org/10.1002/joc
https://doi.org/10.1371/journal.pone.0141140
https://doi.org/10.1111/gcb.16215
https://doi.org/10.1073/pnas.2208120120
https://doi.org/10.1007/s11056-018-09694-6
https://doi.org/10.1002/ecs2.4807
https://doi.org/10.1073/pnas.2010840117
https://doi.org/10.1073/pnas.2010840117
https://doi.org/10.1002/eap.1516
https://doi.org/10.1111/j.1365-2656.2008.01390.x
https://doi.org/10.1111/j.1365-2656.2008.01390.x
https://doi.org/10.1073/pnas.1820601116
https://doi.org/10.1073/pnas.1820601116
https://doi.org/10.7809/b-e.00079
https://doi.org/10.7809/b-e.00079
https://doi.org/10.1016/j.ecolind.2022.109654
https://doi.org/10.1016/j.ecolind.2022.109654
https://doi.org/10.1139/cjfr-2023-0097
https://doi.org/10.1139/cjfr-2023-0097
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1016/j.foreco.2020.118541
https://doi.org/10.3390/f14030604
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1146/annurev.es.04.110173.000245


12 of 13  |     HARRIS et al.

Hurteau, M. D., North, M. P., Koch, G. W., & Hungate, B. A. (2019). 
Managing for disturbance stabilizes forest carbon. Proceedings of 
the National Academy of Sciences of the United States of America, 116, 
10193–10195. https://​doi.​org/​10.​1073/​pnas.​19051​46116​

Kenefic, L. S., Kabrick, J. M., Knapp, B. O., Raymond, P., Clark, K. L., 
D'amato, A. W., Kern, C. C., Vickers, L. A., Dey, D. C., & Rogers, N. 
S. (2021). Mixedwood silviculture in North America: The science 
and art of managing for complex, multi-species temperate forests. 
Canadian Journal of Forest Research, 51, 921–934. https://​doi.​org/​
10.​1139/​cjfr-​2020-​0410

Knott, J., Domke, G., Woodall, C. W., Walters, B., Jenkins, M., & Fei, S. 
(2023). Shifting forests and carbon: Linking community composi-
tion and aboveground carbon attributes. Ecosystems, 26, 412–427. 
https://​doi.​org/​10.​1007/​s1002​1-​022-​00765​-​6

Kruskal, J. B. (1964). Multidimensional scaling by optimizing goodness of 
fit to a nonmetric hypothesis. Psychometika, 29, 1–27.

Larsen, D. R., & Johnson, P. S. (1998). Linking the ecology of natural oak 
regeneration to silviculture. Forest Ecology and Management, 106, 
1–7. https://​doi.​org/​10.​1016/​S0378​-​1127(97)​00233​-​8

Leak, W. B. (2007). Accuracy of regeneration surveys in New England 
northern hardwoods. Northern Journal of Applied Forestry, 24, 227–
229. https://​doi.​org/​10.​1093/​njaf/​24.3.​227

Lenoir, J., Gégout, J. C., Pierrat, J. C., Bontemps, J. D., & Dhôte, J. F. 
(2009). Differences between tree species seedling and adult al-
titudinal distribution in mountain forests during the recent warm 
period (1986-2006). Ecography, 32, 765–777. https://​doi.​org/​10.​
1111/j.​1600-​0587.​2009.​05791.​x

Liaw, A., & Wiener, M. (2002). Classification and regression by random-
Forest. R News, 2(3), 18–22.

Littlefield, C. E., & D'Amato, A. W. (2022). Identifying trade-offs and op-
portunities for forest carbon and wildlife using a climate change 
adaptation lens. Conservation Science and Practice, 20, 1–14. https://​
doi.​org/​10.​1111/​csp2.​12631​

Martini, F. (2024). On the definition of tree seedlings. Plant Ecology, 225, 
75–79. https://​doi.​org/​10.​1007/​s1125​8-​023-​01378​-​2

McDowell, N. G., Allen, C. D., Anderson-Teixeira, K., Aukema, B. H., 
Bond-Lamberty, B., Chini, L., Clark, J. S., Dietze, M., Grossiord, C., 
Hanbury-Brown, A., Hurtt, G. C., Jackson, R. B., Johnson, D. J., 
Kueppers, L., Lichstein, J. W., Ogle, K., Poulter, B., Pugh, T. A. M., 
Seidl, R., … Xu, C. (2020). Pervasive shifts in forest dynamics in a 
changing world. Science, 368, eaaz9463. https://​doi.​org/​10.​1126/​
scien​ce.​aaz9463

McWilliams, W. H., Stout, S. L., Bowersox, T. W., & McCormick, L. 
H. (1995). Adequacy of advance tree-seedling regeneration in 
Pennsylvania's forests. Northern Journal of Applied Forestry, 12, 
187–191. https://​doi.​org/​10.​1093/​njaf/​12.4.​187

McWilliams, W. H., Westfall, J. A., Brose, P. H., Dey, D. C., D'Amato, 
A. W., Dickinson, Y. L., Fajvan, M. A., Kenefic, L. S., Kern, C. C., 
Laustsen, K. M., Lehman, S. L., Morin, R. S., Ristau, T. E., Royo, A. 
A., Stoltman, A. M., & Stout, S. L. (2018). Subcontinental-scale pat-
terns of large-ungulate herbivory and synoptic review of restoration 
management implications for midwestern and northeastern forests. 
USDA Forest Service Northern Research Station General Technical 
Report NRS-182.

McWilliams, W. H., Westfall, J. A., Brose, P. H., Dey, D. C., Hatfield, M., 
Johnson, K., Laustsen, K. M., Lehman, S. L., Morin, R. S., Nelson, 
M. D., Ristau, T. E., Royo, A. A., Stout, S. L., Willard, T., & Woodall, 
C. W. (2015). A regeneration indicator for forest inventory and anal-
ysis: History, sampling, estimation, analytics, and potential use in 
the Midwest and Northeast United States. U.S. Department of 
Agriculture, Forest Service, General Technical report NRS-148.

Millar, C. I., Stephenson, N. L., & Stephens, S. L. (2007). Climate change 
and forests of the future: Managing in the face of uncertainty. 
Ecological Applications, 17, 2145–2151. https://​doi.​org/​10.​1890/​
06-​1715.​1

Miller, K. M., & McGill, B. J. (2019). Compounding human stressors cause 
major regeneration debt in over half of eastern US forests. Journal 
of Applied Ecology, 56, 1355–1366. https://​doi.​org/​10.​1111/​1365-​
2664.​13375​

Millington, J. D. A., Walters, M. B., Matonis, M. S., & Liu, J. (2013). 
Filling the gap: A compositional gap regeneration model for man-
aged northern hardwood forests. Ecological Modelling, 253, 17–27. 
https://​doi.​org/​10.​1016/j.​ecolm​odel.​2012.​12.​033

Moser, B., Temperli, C., Schneiter, G., & Wohlgemuth, T. (2010). Potential 
shift in tree species composition after interaction of fire and 
drought in the Central Alps. European Journal of Forest Research, 
129, 625–633. https://​doi.​org/​10.​1007/​s1034​2-​010-​0363-​6

Murray, L. T., Woodall, C. W., Lister, A. J., Farley, C., Andersen, H.-
E., Heath, L. S., Atkins, J. W., Domke, G. M., & Oishi, C. (2024). 
Chapter 5: Quantifying greenhouse gas sources and sinks in man-
aged forest systems. In Quantifying greenhouse gas fluxes in agri-
culture and forestry: Methods for entity-scale inventory. Technical 
Bulletin No. 1939 (2nd ed., pp. 5.1–5.178). USDA, Office of the Chief 
Economist.

Nowacki, G. J., & Abrams, M. D. (2008). The demise of fire and “meso-
phication” of forests in the eastern United States. Bioscience, 58, 
123–138. https://​doi.​org/​10.​1641/​B580207

Oksanen, J. (2022). Vegan: Community Ecology Package v2.6-4. https://​
cran.​r-​proje​ct.​org/​web/​packa​ges/​vegan/​​index.​html

Plotkin, A. B., Foster, D., Carlson, J., & Magill, A. (2013). Survivors, not in-
vaders, control forest development following simulated hurricane. 
Ecology, 94, 414–423. https://​doi.​org/​10.​1890/​12-​0487.​1

Poos, M. S., & Jackson, D. A. (2012). Addressing the removal of rare spe-
cies in multivariate bioassessments: The impact of methodological 
choices. Ecological Indicators, 18, 82–90. https://​doi.​org/​10.​1016/j.​
ecoli​nd.​2011.​10.​008

Rogers, N. S., D'Amato, A. W., Kern, C. C., & Bèdard, S. (2022). Northern 
hardwood silviculture at a crossroads: Sustaining a valuable re-
source under future change. Forest Ecology and Management, 512, 
120139. https://​doi.​org/​10.​1016/j.​foreco.​2022.​120139

Schultz, E. L., Hülsmann, L., Pillet, M. D., Hartig, F., Breshears, D. D., 
Record, S., Shaw, J. D., DeRose, R. J., Zuidema, P. A., & Evans, M. 
E. K. (2022). Climate-driven, but dynamic and complex? A reconcil-
iation of competing hypotheses for species' distributions. Ecology 
Letters, 25, 38–51. https://​doi.​org/​10.​1111/​ele.​13902​

Vickers, L. A., McWilliams, W. H., Knapp, B. O., D'Amato, A. W., Dey, D. 
C., Dickinson, Y. L., Kabrick, J. M., Kenefic, L. S., Kern, C. C., Larsen, 
D. R., Royo, A. A., Saunders, M. R., Shifley, S. R., & Westfall, J. A. 
(2019). Are current seedling demographics poised to regenerate 
northern US forests? Journal of Forestry, 117, 592–612. https://​doi.​
org/​10.​1093/​jofore/​fvz046

Vickers, L. A., McWilliams, W. H., Knapp, B. O., D'Amato, A. W., 
Saunders, M. R., Shifley, S. R., Kabrick, J. M., Dey, D. C., Larsen, 
D. R., & Westfall, J. A. (2019). Using a tree seedling mortality bud-
get as an indicator of landscape-scale forest regeneration security. 
Ecological Indicators, 96, 718–727. https://​doi.​org/​10.​1016/j.​ecoli​
nd.​2018.​06.​028

Vilsack, T. J. (2022). Climate resilience and carbon stewardship of America's 
National Forests and grasslands. USDA Office of the Secretary, 
Secretary's Memorandum 1077–004.

Walters, M. B., Farinosi, E. J., & Willis, J. L. (2020). Deer browsing and 
shrub competition set sapling recruitment height and interact with 
light to shape recruitment niches for temperate forest tree species. 
Forest Ecology and Management, 467, 118134. https://​doi.​org/​10.​
1016/j.​foreco.​2020.​118134

Waterman, J. M., D'Amato, A. W., Foster, D. R., Orwig, D. A., & Pederson, 
N. (2020). Historic forest composition and structure across an old-
growth landscape in New Hampshire, USA. Journal of the Torrey 
Botanical Society, 147, 291–303. https://​doi.​org/​10.​3159/​TORRE​
Y-​D-​18-​00033.​1

 20457758, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70077 by A

nthony W
. D

'A
m

ato - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [07/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1073/pnas.1905146116
https://doi.org/10.1139/cjfr-2020-0410
https://doi.org/10.1139/cjfr-2020-0410
https://doi.org/10.1007/s10021-022-00765-6
https://doi.org/10.1016/S0378-1127(97)00233-8
https://doi.org/10.1093/njaf/24.3.227
https://doi.org/10.1111/j.1600-0587.2009.05791.x
https://doi.org/10.1111/j.1600-0587.2009.05791.x
https://doi.org/10.1111/csp2.12631
https://doi.org/10.1111/csp2.12631
https://doi.org/10.1007/s11258-023-01378-2
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1093/njaf/12.4.187
https://doi.org/10.1890/06-1715.1
https://doi.org/10.1890/06-1715.1
https://doi.org/10.1111/1365-2664.13375
https://doi.org/10.1111/1365-2664.13375
https://doi.org/10.1016/j.ecolmodel.2012.12.033
https://doi.org/10.1007/s10342-010-0363-6
https://doi.org/10.1641/B580207
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1890/12-0487.1
https://doi.org/10.1016/j.ecolind.2011.10.008
https://doi.org/10.1016/j.ecolind.2011.10.008
https://doi.org/10.1016/j.foreco.2022.120139
https://doi.org/10.1111/ele.13902
https://doi.org/10.1093/jofore/fvz046
https://doi.org/10.1093/jofore/fvz046
https://doi.org/10.1016/j.ecolind.2018.06.028
https://doi.org/10.1016/j.ecolind.2018.06.028
https://doi.org/10.1016/j.foreco.2020.118134
https://doi.org/10.1016/j.foreco.2020.118134
https://doi.org/10.3159/TORREY-D-18-00033.1
https://doi.org/10.3159/TORREY-D-18-00033.1


    |  13 of 13HARRIS et al.

Webster, C. R., Dickinson, Y. L., Burton, J. I., Frelich, L. E., Jenkins, M. A., 
Kern, C. C., Raymond, P., Saunders, M. R., Walters, M. B., & Willis, 
J. L. (2018). Promoting and maintaining diversity in contemporary 
hardwood forests: Confronting contemporary drivers of change 
and the loss of ecological memory. Forest Ecology and Management, 
421, 98–108. https://​doi.​org/​10.​1016/j.​foreco.​2018.​01.​010

Westfall, J. A., Coulston, J. W., Gray, A. N., Shaw, J. D., Radtke, P. J., 
Walker, D. M., Weiskittel, A. R., MacFarlane, D. W., Affleck, D. L. 
R., Zhao, D., Temesgen, H., Poudel, K. P., Frank, J. M., Prisley, S. P., 
Wang, Y., Sánchez Meador, A. J., Auty, D., & Domke, G. M. (2024). A 
National-Scale Tree Volume, biomass, and carbon modeling system for 
the United States. USDA Forest Service General Technical Report 
WO-104.

Woodall, C. W., Monleon, V. J., Fraver, S., Russell, M. B., Hatfield, M. 
H., Campbell, J. L., & Domke, G. M. (2019). Data descriptor: The 
downed and dead wood inventory of forests in the United States. 
Scientific Data, 6, 1–13. https://​doi.​org/​10.​1038/​sdata.​2018.​303

Woodall, C. W., Morin, R. S., Steinman, J. R., & Perry, C. H. (2008). 
Status of oak seedlings and saplings in the northern United States: 
Implications for sustainability of oak forests. Proceedings of the 16th 
Central Hardwoods Forest Conference, 20, 535–542.

Woodall, C. W., Oswalt, C. M., Westfall, J. A., Perry, C. H., Nelson, M. 
D., & Finley, A. O. (2009). An indicator of tree migration in forests 
of the eastern United States. Forest Ecology and Management, 257, 
1434–1444. https://​doi.​org/​10.​1016/j.​foreco.​2008.​12.​013

Woodall, C. W., Russell, M. B., Walters, B. F., D'Amato, A. W., Fraver, S., 
& Domke, G. M. (2015). Net carbon flux of dead wood in forests of 

the eastern US. Oecologia, 177, 861–874. https://​doi.​org/​10.​1007/​
s0044​2-​014-​3171-​8

Woodall, C. W., Walters, B. F., Oswalt, S. N., Domke, G. M., Toney, C., 
& Gray, A. N. (2013). Biomass and carbon attributes of downed 
woody materials in forests of the United States. Forest Ecology and 
Management, 305, 48–59. https://​doi.​org/​10.​1016/j.​foreco.​2013.​
05.​030

Zhao, A., Taylor, A. H., Smithwick, E. A. H., Kaye, M., & Harris, L. B. 
(2021). Simulated fire regimes favor oak and pine but affect carbon 
stocks in mixed oak forests in Pennsylvania, U.S.A. Forest Ecology 
and Management, 494, 119332. https://​doi.​org/​10.​1016/j.​foreco.​
2021.​119332

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Harris, L. B., Woodall, C. W., & 
D’Amato, A. W. (2024). Sapling recruitment as an indicator of 
carbon resiliency in forests of the northern USA. Ecology and 
Evolution, 14, e70077. https://doi.org/10.1002/ece3.70077

 20457758, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70077 by A

nthony W
. D

'A
m

ato - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [07/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.foreco.2018.01.010
https://doi.org/10.1038/sdata.2018.303
https://doi.org/10.1016/j.foreco.2008.12.013
https://doi.org/10.1007/s00442-014-3171-8
https://doi.org/10.1007/s00442-014-3171-8
https://doi.org/10.1016/j.foreco.2013.05.030
https://doi.org/10.1016/j.foreco.2013.05.030
https://doi.org/10.1016/j.foreco.2021.119332
https://doi.org/10.1016/j.foreco.2021.119332
https://doi.org/10.1002/ece3.70077

	Sapling recruitment as an indicator of carbon resiliency in forests of the northern USA
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Carbon calculations
	2.2|Species composition
	2.3|Models of carbon stocks

	3|RESULTS
	3.1|Carbon stocks and species composition
	3.2|Recruitment composition and carbon replacement

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


