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Abstract

In the United States (U.S.), the maintenance of forest cover is a legal mandate for federally
managed forest lands. More broadly, reforestation following harvesting, recent or historic
disturbances can enhance numerous carbon (C)-based ecosystem services and functions.
These include production of woody biomass for forest products, and mitigation of atmos-
pheric CO, pollution and climate change by sequestering C into ecosystem pools where
it can be stored for long timescales. Nonetheless, a range of assessments and analyses
indicate that reforestation in the U.S. lags behind its potential, with the continuation of
ecosystem services and functions at risk if reforestation is not increased. In this context,
there is need for multiple independent analyses that quantify the role of reforestation in C
sequestration, from ecosystems up to regional and national levels. Here, we describe the
methods and report the findings of a large-scale data synthesis aimed at four objectives: (1)
estimate C storage in major ecosystem pools in forest and other land cover types; (2) quan-
tify sources of variation in ecosystem C pools; (3) compare the impacts of reforestation
and afforestation on C pools; (4) assess whether these results hold or diverge across ecore-
gions. The results of our synthesis support four overarching inferences regarding reforesta-
tion and other land use impacts on C sequestration. First, in the bigger picture, soils are
the dominant C pool in all ecosystems and land cover types in the U.S., and soil C pool
sizes vary less by land cover than by other factors, such as spatial variation or soil wetness.
Second, where historically cultivated lands are being reforested, topsoils are sequestering
significant amounts of C, with the majority of reforested lands yet to reach their capacity
relative to the potential indicated by natural forest soils. Third, the establishment of woody
vegetation delivers immediate to multi-decadal C sequestration benefits in aboveground
woody biomass and coarse woody debris pools, with two- to three-fold C sequestration
benefits in biomass during the first several decades following planting. Fourth, opportuni-
ties to enhance C sequestration through reforestation vary among the ecoregions, accord-
ing to current levels of planting, typical forest growth rates, and past land uses (especially
cultivation). Altogether, our results suggest that an immediate, but phased and spatially
targeted approach to reforestation can enhance C sequestration in forest biomass and soils
in the U.S. for decades to centuries to come.
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Introduction

In the United States, there is a legal mandate to maintain forest cover on designated forest
lands managed by the U.S. Department of Agriculture, Forest Service (USDA-FS). The
earliest version of this mandate dates to the Forest Service Organic Administration Act
of 1897, and has been reinforced repeatedly by Acts of Congress many times since the
initiation of the Forest Service (1911, 1930, 1949, 1974, 1976, and 1980). At the agency
level, numerous internal directives in the Forest Service Manual (https://www.fs.fed.us/
im/directives/) specify guidance for management activities intended to maintain, regener-
ate, or restore forest cover, and reforestation is one of the most important of these activi-
ties on the 77 million hectares comprising the National Forest System (NFS). However,
land area targets for reforestation on NFS lands have been under-attained by 75-85% for at
least 15 years, partly due to insufficient infrastructure and funding for forest management
activities, resulting in a widening gap between required and realized reforestation goals
(Watrud et al. 2012). Unless reforestation is increased at a national level, concerns such as
the uncertain longevity of the U.S. forest sector carbon (C) sink (Birdsey et al. 2006; Zhang
et al. 2012; Oswalt et al. 2014; USDA Forest Service 2016), forest area decline (Yang and
Mountrakis 2017), increases in forest disturbance extent and severity (Bentz et al. 2010;
Kurz et al. 2008; Schoennagel et al. 2017), or interactions with ongoing climate change
(Hicke et al. 2012; Liang et al. 2017) will only magnify.

The role of forests in mitigating atmospheric CO, pollution and climate change pro-
vides long-term context, and argues for a closer look at intensified reforestation efforts in
the U.S. (Dumroese et al. 2015). In terms of context, the U.S. forest sector is providing a
tremendous, but slowly diminishing ecosystem service by acting as a long-term net C sink,
driven largely by forest regrowth following widespread historic disturbances (Caspersen
et al. 2000; Williams et al. 2012, 2014). In terms of justification, not only is reforestation
necessary to promptly re-establish forest cover after catastrophic disturbances such as large
wildfires, but deliberate reforestation—even after less severe or extensive disturbances—
may enhance C sequestration rates compared to passive management approaches such as
waiting for natural regeneration (MacDonald et al. 2015; Nave et al. 2018; Post and Kwon
2000; Sample 2017). Across many regions and types of stand-replacing disturbances, even
re-growing forests are net C sources to the atmosphere for a period of years to decades
(Bond-Lamberty et al. 2004; Gough et al. 2007; Kashian et al. 2006; Law et al. 2003).
Shortening the duration of this period during which ecosystem C outputs (e.g., through
heterotrophic respiration) exceed ecosystem C inputs (e.g., through primary production)
equates to a more positive C balance (i.e., greater storage) over the lifetime of the stand,
and one obvious way to do so is accelerate canopy closure by ensuring adequate stocking
density in the re-growing stand.

The scale and scope of the problems facing U.S. forests—in particular, the increas-
ing area of disturbances and chronic reforestation shortfall—call for multiple evaluations,
projections, and predictions of the C cycle implications of reforestation (or its neglect).
In the present study, offered as complementary to the many recent, regional to national-
scale reviews and projections of the forest sector C balance (e.g., Coulston et al. 2015;
Creutzburg et al. 2017; Jin et al. 2017; Oswalt et al. 2014; Puhlick et al. 2017; Wear and
Coulston 2015; Woodall et al. 2015), we use empirical data, statistical analyses, and ecore-
gional scaling to quantify the impacts of reforestation on C sequestration at broad levels.
We address this overall goal via four specific objectives in this study, which uses space-
for-time substitution to compare C stocks on lands differing in their use: (1) estimate C
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stocks of major ecosystem pools in forest and other land cover types, in order to contex-
tualize forests as C sinks; (2) quantify sources of variation in ecosystem C pools, focusing
on regional patterns and drivers; (3) compare C pools among lands differing in past and
present land use, thereby inferring impacts of forest loss, reforestation, and afforestation;
(4) for all objectives, assess how results scale across ecological (rather than political) units.

Methods
Approach

We approached this work using several large data sets and sources, described in detail in
the following subsections and in Nave et al. (2018). The first source, the 3rd generation
version of the International Soil Carbon Network (ISCN) Database (Nave et al. 2017), is
a database containing geographic, physical, chemical, and ecological data for>433,000
individual soil layers (horizons or sampled depth increments) worldwide. Individual soil
layers are the constituents of soil profiles; profiles are from one to many (> 10) per site,
and most sites are georeferenced. Data in the ISCN Database were derived from 39 data-
sets contributed by individual investigators, research networks, and U.S. government agen-
cies. The second principal data source in this analysis consists of “overlay data;” these are
point-specific attributes, extracted from remote sensing data products, for the geographi-
cal coordinates of individual ISCN sites. Overlay data utilized in this analysis include: (1)
land cover attributes from all four versions (1992, 2001, 2006, 2011) of the National Land
Cover Dataset (Vogelmann et al. 2001; Homer et al. 2004, 2015; Fry et al. 2011), a LAND-
SAT-derived, 30 m resolution data product; (2) estimates of aboveground biomass C stocks
from the National Biomass Carbon Dataset for the year 2000 (NBCD2000; Kellndorfer
et al. 2013), also a 30 m data product. The third major data source for our analysis was
the USDA-Forest Service, Forest Inventory and Analysis Database (FIADB; https://apps.
fs.usda.gov/fia/datamart/). FIADB is the central source for systematically collected as part
of the National Forest Inventory (NFI) program (http://www.fia.fs.fed.us); for the present
analysis we report aboveground biomass and coarse woody debris data derived from the
NFI plot inventory network.

ISCN data handling and C stock estimates

We began our work with the ISCN DB using the map-based data retrieval tool on the ISCN
website <soilcarb.net>to download essential geolocation, descriptive, physical, chemi-
cal, and data contributor information for 319,316 individual soil layers from 52,178 unique
profiles contained in a polygon completely surrounding the conterminous U.S. (CONUS).
Importantly, given the variety of motivations and sampling designs represented by the con-
tributors of these data, the dataset we downloaded as a starting point does not constitute a
random nor systematic sample of soils in the U.S.; on the other hand, however, given its
large size and origins from many data contributors, there is no a priori reason to assume
that it is not representative of the range of soils in the U.S. Data used in this analysis are
from sources including the USDA-Natural Resources Conservation Service (specifically,
the September 2014 version of the National Soil Survey Laboratory’s Soil Characterization
Database); the U.S. Geological (Survey Site-Specific Soil Carbon Database for Mineral
Soils of the Mississippi River Basin; Buell and Markewich 2004), the USDA-FS (Database
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for Landscape-scale Carbon Monitoring Sites; Cole et al. 2013), and several projects by
individual researchers (Heckman et al. 2009, 2013; Nave and Nadelhoffer unpublished).
Beginning with these 52,178 profiles, we proceeded through a series of filtering steps to
eliminate those that were of non-CONUS or unknown geographic location, sampled prior
to 1989, or had layers with bulk density values in excess of 2.65 g cm™ or C concentra-
tions greater than 60% (mass/mass). Our intent with these filters was to include only soils
that were of known CONUS origin, were sampled reasonably concurrently with the remote
sensing overlay datasets (see “Land cover and biomass overlay data”), and had individual
layers with realistic bulk density values and C concentrations. We also harmonized layer
and profile depths to a common standard in which the top of the profile (O cm depth) was
equal to the top of the O-horizon, as some contributed profiles were sampled with a zero
reference equal to the top of the mineral soil and O-horizon depths entered as negative
values. Additionally, we created a decision tree and used gap-filling to compute C concen-
trations for the maximum number of layers possible. Specifically, we used the organic C
concentration as the preferred metric of C concentration; for layers missing this parameter,
we derived a prediction equation based on total C concentration and inorganic C concen-
tration to predict the organic C concentration (all in per cent by mass). For those layers
missing inorganic C concentration, we assumed that the organic C concentration was equal
to the total C concentration. Layers having no C concentration data were not usable for
C stock calculations. Similarly, we developed a decision tree and used gap-filling to esti-
mate missing bulk density values. We used the fine earth bulk density (mass of soil mate-
rials<2 mm per volume of soil materials <2 mm) as the preferred metric for layers pos-
sessing multiple variant forms of bulk density; for layers missing this parameter we used
the whole soil bulk density (mass of all soil materials per volume of all soil materials) if
available, and otherwise used predictions generated by USDA-NRCS (Sequeira et al. 2014)
as estimates if no measurements were available. Overall, 50% of the soil layers possessed
measured bulk density values and 50% were gap-filled using the published prediction equa-
tions. After computing the C stock of each soil layer as the product of its C concentration
(%), bulk density (g cm™), and thickness (cm), and scaling to Mg C ha™!, we summed the
individual layer C stock values up to the whole profile level (the maximum sampled depth
as reported by the data contributor). Throughout this process, we repeatedly checked our
calculations, compared our assembled datasets against the originally downloaded source
data and against previous, internally versioned files, in order to ensure consistency, repeat-
ability, and quality of the data used in subsequent analyses. After completing all steps, we
were left with 22,847 profiles meeting the criteria specified above.

Land cover and biomass overlay data

Our intent with remote sensing overlay data was to derive land cover and biomass infor-
mation for the ISCN profiles (and their individual layers) described in “Land cover and
biomass overlay data” section. For this reason, our first step in deriving overlay data was to
exclude profiles sampled before 1 January 1989 (as described in “Land cover and biomass
overlay data” section), and our second was to assign each profile to its closest (in time)
NLCD product. Specifically, we assumed that the land cover type for soil profiles sampled
between 1 January 1989 and 31 December 1996 was reasonably represented by the NLCD
1992 product; soil profiles from 1 January 1997 to 31 December 2001 were represented
by NLCD 2001; soil profiles from 1 January 2002 to 31 December 2006 by NLCD 2006;
soil profiles from 1 January 2007 to present (2014) by NLCD 2011. Thus, all soil profile
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sampling dates were within 3—4 years of their derived land cover dates. Previously, we suc-
cessfully employed this conceptual approach on the ISCN 2nd generation DB in an assess-
ment of afforestation effects on soil C in top soils of the U.S. northern prairie states, but did
not explicitly test concurrence of the remotely sensed versus directly observed land cover
information (Nave et al. 2013). In the present analysis, we chose to combine soil profiles in
generally similar land cover types recognized as distinct by NLCD into major land cover
groups (e.g., Mishra and Riley 2015), in order to increase within-group sample sizes and
decrease the number and complexity of multiple comparisons in statistical analyses. Spe-
cifically, we placed all developed lands (high intensity, medium intensity, low intensity,
and open space) into a single category (developed lands); pasture/hay and grassland cover
types into a pasture/grassland group; different forest types (evergreen, deciduous, mixed)
into a single forest group; wetland land cover types (herbaceous, woody, and water) into a
single wetland category. Next, before proceeding with further data manipulations or analy-
ses, we validated a subset of the NLCD classifications using observed profile vegetation
notes (as provided by ISCN data contributors) for the 674 profiles possessing this informa-
tion. Based on general familiarity with the various plant common and scientific names,
taxonomic codes, and ecosystem classifications used by data contributors, we were able to
interpret the vegetation notes for 71% (479) of these profiles. Of these, 79% (379) had veg-
etation observations consistent with the NLCD groups specified above and 9% were obvi-
ously incorrect, reflecting a spatial or temporal mismatch between the ISCN profile and the
NLCD data. The remaining 12% misclassified low density or low stature forest vegetation
types as shrub/scrub or vice versa. For this reason, we combined forest and shrub/scrub
land cover types into a single land cover group (woody vegetation) for several of our statis-
tical analyses.

From the NBCD2000, we extracted aboveground woody biomass densities (AGWB; Mg
C ha‘l) for ISCN profiles associated with NLCD 2001 or 2006 land cover data, in order
to ensure that the biomass values (which are themselves derived values based on remote
sensing, NFI training plot data, and algorithms) were closely concurrent with the date of
soil profile sampling. For both land cover and biomass datasets, we used ArcGIS (ESRI,
Redlands, CA USA) to assign NLCD codes and biomass C stocks to each ISCN location.

Aboveground C stocks from FIADB

The NFI plots that are the basis for FIA data derive from an equal-probability sample
of forestlands across the CONUS. There is one permanent plot on approximately every
2400 ha across the U.S., with each plot placed randomly within a systematic hexagonal grid
(Bechtold and Patterson 2005). Sampling of each plot is conducted on fixed area subplots
that vary in size depending on the metric, with inventory of canopy-level trees (> 12.7 cm
dbh) being conducted on four 0.016 ha subplots. This design across the CONUS ensures
that NFI data have no systematic bias with regard to forestland location, ownership, com-
position, soil, physiographic or other factors. For this analysis, we queried the FIADB for
records of the mass density (Mg C ha™') of AGWB (derived from individual tree measure-
ments and allometric equations) and coarse woody debris (CWD; derived from quadrat
measurements of CWD piece volume and decay class, and estimates of CWD density).
We acquired these C pool sizes for all single-condition plots in CONUS, i.e., only plots
that are not divided along sharp boundaries into conditions of different stand age, slope,
wetness, etc. These sources of localized (within-plot) variability complicate plot data inter-
pretation and may introduce edge effects; furthermore, given the enormous number of NFI
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plots available we felt this decision was a reasonable way to exercise stringent control on
data quality in our analysis. As an additional constraint, we only utilized the most recent
observation of each long-term NFI plot, and only plots observed since 2000, in order to
make NFI data reasonably concurrent with the ISCN soil C and overlay land cover and
biomass data described above. In contrast to ISCN data, we did not gain access to nor
require precise geolocations of NFI plots (which are legally obscured). Our analyses test
variation in AGWB and CWD C stocks against predictors including forest age, establish-
ment type, and ecoregion; because these are internally recorded attributes associated with
each NFI plot in the FIADB, there is no particular need for highly localized geographic
coordinates. Altogether, our datasets for AGWB and CWD consisted of 81,673 and 22,043
plots, respectively.

Ecoregional framework

All of the recent, insightful large-scale assessments of forest C storage in the U.S. have
reported regional variation according to politically defined spatial units, such as individ-
ual states or arbitrary multi-state regions. While the subdivision of space along political
boundaries can have a legitimate basis, such as a legal directive for a specific assessment,
we chose in the present analysis to utilize an ecoregional framework to explore spatial vari-
ation in land cover and use, ecosystem and forest C stocks. In particular, we used ECO-
MAP, an effort initiated by the USDA-Forest Service in the 1990s to organize the U.S.
land base into a hierarchical structure of ecological units (Cleland et al. 1997; McNab et al.
2007). ECOMAP is a framework, subject to ongoing refinement, that is intended to iden-
tify ecologically scalable spatial units for planning and management purposes. Because
there are fundamental climatic, geologic, and other natural constraints that affect for-
est growth and C storage heedless of political boundaries, an ecological basis for scaling
may be quite useful to silviculturists, nursery managers, and others interested in reforesta-
tion and C sequestration. Currently, ECOMAP divides the national land base into nested,
successively finer-level units including domains, divisions, provinces, sections, and sub-
sections. Moving from coarse down to increasingly fine levels, the fundamental ecologi-
cal units are defined first by broad climate zones (domains, of which there are three in
CONUS), then by regional climate types, vegetation affinities and soil Orders (divisions),
then by increasingly localized information about climate, lithology, geomorphology, and
soil units classified to finer taxonomic levels (provinces, sections). Some locations, such as
states, National Forests, and ecological reserves, have finer-level ecological unit classifica-
tions that nest sub-subsections, landtype associations, landtypes, and landtype phases into
the ECOMAP hierarchy, but these are less common and culminate in more locally resolved
spatial units than the results we present here. For our analyses, we retain a high-level view,
exploring regional variation only down to the province level (hundreds of thousands of
square km), where within-group sample sizes (e.g., hundreds to thousands of ISCN profiles
or NFI plots) are sufficient to ensure that statistical tests are not influenced by lurking or
confounded variables. As described in “Aboveground C stocks from FIADB”, FIA data-
sets contained ECOMAP classifications; for ISCN sites, we used an approach similar to
other overlay data types to extract ECOMAP classifications. Specifically, we downloaded
domain, division, and province polygons from the USDA-Forest Service Geodata Clear-
inghouse (https://data.fs.usda.gov/geodata/), and used the ‘extract attributes for points’ tool
in ArcGIS to assign each ISCN geolocation to its appropriate place in the ecoregional clas-
sification system.
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Data analysis: approach and tests

Before beginning our data analyses or the data synthesis and manipulation activities
described above, we defined the specific statistical tests needed to address the objectives
of this work. Explicit definition of statistical tests at the beginning not only informed
the structure of our datasets and approach to manipulation, but also necessitated criti-
cal consideration of strengths and limitations of the very large datasets underlying
this work. Because ISCN and FIA databases contain data generated by a number of
investigators working across the range of lands and ecosystems in the CONUS, their
size and extent simultaneously enable and challenge far-reaching inferences. Perhaps
most importantly, in very large datasets such as these, skewed distributions are to be
expected. Whether due to erroneous data entry, e.g., unrealistically high C stocks for an
ISCN soil profile, representing truth (e.g., a deep wetland soil with massive C stocks),
or present for other reasons, right-skewed distributions were obvious for most response
parameters (e.g., forest stand ages, biomass or soil C stocks) in our datasets. Rather than
remove such observations as statistical outliers, or allow their magnitude to skew mean
values in parametric statistics, we chose to use nonparametric tests of medians in our
analyses. Specifically, for two-group comparisons, we used the Mann—Whitney U test,
and for comparing the medians of three or more groups, we used Kruskal-Wallis with
Dunn’s multiple comparisons procedure. In addition to retaining as many observations
as possible while avoiding leveraging by extreme values, we argue that this approach
is actually more appropriate than parametric statistics for the scope of our analysis
and its questions of interest. Thus, for the portions of our data analysis that depend
upon inferential statistics, we accepted test results as significant if P <0.05, and the uti-
lized median, percentiles (25th and 75th), and interquartile range (IQR) as the basis for
assessing differences in the distribution of observations within groups. For some tests,
we also interpreted the Kruskal-Wallis H statistic associated with each categorical pre-
dictor as a relative ranking of its predictive strength.

For several statistical tests intended to infer the impacts of land use (cultivation,
reforestation, and natural forest) on soil C and physical properties, we utilized a pedo-
logically informed conceptual approach previously described in Nave et al. (2013), and
described briefly here. In particular, we interpreted the presence of Ap horizons (some-
times called plow layers) in soil profiles as evidence of cultivation (past or present).
An Ap horizon is readily recognized in a soil pit by its consistent thickness and clear
abrupt boundary over underlying horizons, and may persist for decades to centuries fol-
lowing agricultural abandonment (Compton and Boone 2000). Most Ap horizons in our
dataset were in lands categorized as cultivated by NLCD; the interpretation of these
cases is self-explanatory. However, many soil profiles indicated by NLCD as having
woody vegetation also had Ap horizons; we interpreted these as evidence of reforesta-
tion on previously cultivated soils. By defining a condition for a third land use group
(natural forest) as a soil profile supporting woody vegetation but lacking an Ap horizon,
we made statistical comparisons between actively cultivated lands, reforesting culti-
vated lands, and never-cultivated forests, the latter two groups including both forest and
shrub/scrub land covers for reasons described in 2.1.2. Before turning to the Results,
we clarify two important points regarding our treatment of land cover and use. First,
by inferring that forest soils without Ap horizons were never cultivated, we may some-
times mis-categorize land use, i.e., where erosion eliminated Ap horizons before trees
were established on badly degraded cultivated soils. Second, and more importantly, it is
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important to recognize that because our data sources possess different types of informa-
tion, they must be used to address only those specific questions to which they are suited.
Specifically, while we rely on indirect evidence to assess three land uses (cultivated,
reforesting, natural forest) for the ISCN-NLCD observations, NFI plot data make direct
assessments that offer more detail about land uses (e.g., previous forest vs. nonforest,
afforestation and reforestation as different types of forest establishment). Throughout
the Results and Discussion, we clearly indicate which data sources have been used in
order that readers can refer to the Methods we have reported above, appreciating how
the data used constrain the inferences gained.

Results
National snapshot: soil and aboveground biomass C stocks by land cover

For ISCN sites across the U.S., soils dominate AGWB as the principal ecosystem C pool
for all land cover types (Table 1), and land cover types differ significantly in their median
whole-profile soil C storage (P<0.001). Wetlands (1139 profiles) have the greatest soil
C storage, followed by shrub/scrub (1743 profiles), cultivated (4568 profiles), and pas-
ture/grass, developed, and forest cover types holding the least (n=6089, 1483, and 7619,
respectively). In contrast to their low soil profile C stocks, lands covered by forest have sig-
nificantly greater median C storage in AGWB than all other land cover types (P <0.001);
wetlands and developed lands are intermediate, while for sites with shrub/scrub, pasture/
grassland, and cultivated land covers, the median AGWB is 0. In terms of their combined
C stocks in the whole soil profile plus AGWB, C stocks are highest in wetlands (n=2340),
intermediate to high in forest (n=2719) and shrub/scrub (n=1565) land cover types, low to
intermediate for cultivated (n=1350) and developed (n=2593) lands, and lowest in pasture/
grassland (n=1885) cover types. Here, it is important to note that the median values for
combined soil + biomass C that are reported in Table 1 are not direct sums of the independ-
ent median values of soil C and biomass C within each land cover type. This is because the
median value for each of these three C stocks (soil C, biomass C, summed soil + biomass
C) is actually a different observation (i.e., location). In other words, the ISCN-NLCD site
that was the median in terms of its profile total C stock was not also the median site in
terms of biomass C stock, nor were either of these sites the median observation in the sum
of these two ecosystem pools.

Table 1 Storage of C within soil (profile total), aboveground woody biomass (AGB), and their sum, for
major land cover groups in the U.S.

Pool Developed Cultivated Pasture/grass ~ Shrub/scrub  Forest Wetland

Soil 105 (64-187)¢ 119 (70-205)¢ 106 (70-175)¢ 133 (64-290)® 105 (70-185)¢ 151 (81-291)
AGB 10 (0-39)° 0 (0-1)° 0 (0-10)° 0 (0-12)° 45 (34-58) 25 (1-44)°
Sum 148 (97-241)° 135 (79-251)cd 124 (87-213)% 182 (97-428)® 156 (119-260)° 234 (142-375)

Values presented are median C stocks in Mg ha™! (with 1st and 3rd quartile values in parentheses). Within
each C pool, land cover groups with significantly different median C stocks (P <0.001) are indicated with
superscripts. See “National snapshot: soil and aboveground biomass C stocks by land cover” section for the
number of observations within each pool X land cover group, and notes regarding summation and presenta-
tion of medians
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National to regional variation in soil C stocks

At the broadest level of the ecoregional hierarchy, domains differ significantly in their pro-
file total C storage (P <0.001). Specifically, the median whole-profile soil C stock in the
dry domain is 136 Mg C ha™!, with 25th and 75th percentiles ranging from 69 to 293 Mg
C ha™!; the median profile total in the humid temperate domain is 107 Mg ha~!, with an
IQR of 70-183 Mg C ha™'. (Parenthetically, we note that we excluded data from the small
number of ISCN profiles in the humid tropical domain, which occupies extreme southern
Florida). Variation in profile total soil C between domains (H=163) is less than variation
between divisions (H=1309) or provinces (H=2234), indicating that increasingly region-
alized ecological units have increasingly different soil C stocks from one another. Among
many potential factors that can explain this spatial variation in profile total C stocks, natu-
ral drainage index (H=915) is much more important than land cover (H=195).

Within ecoregional divisions, natural drainage index is consistently the strongest predic-
tor of variation in profile total soil C stocks (Table 2). Land cover, which co-varies with
drainage index (i.e., wetland cover types equate to poor drainage classes), is also a sig-
nificant predictor of variation in profile total soil C stocks within ecoregional divisions,
although there is no consistent pattern as to which land cover group has the greatest or least
profile total soil C stocks. While wetlands have the greatest median soil C stocks in four
divisions, forest soil C stocks are greatest in three divisions, and least in one division. In
two divisions (warm temperate and temperate desert), variation in profile C stocks between
montane and non-montane provinces is greater than variation attributable to drainage or
land cover, highlighting the utility of province-level maps for regionalized views of repre-
sentative (median) profile C stocks and their variability (Fig. 1a, b).

Impacts of land use on soil C and bulk density

At the national level, cultivated, reforested, and natural forest land uses differ in their soil C
concentrations, stocks, and bulk densities. However, the direction and magnitude of these

Table 2 Sources of variation in profile total soil C stocks, by ecoregional division

Division Province Drainage Land cover
Marine P<.001,H=30 P<.001,H=22 P<.001, H=56
Tropical/subtr. steppe P=.001,H=16 P=.003,H=20 P<.001,H=27
Prairie P=.656,H<1 P<.001, H=177 P<.001,H=134
Mediterranean P<.001, H=87 P=.018, H=15 P<.001, H=102
Temperate desert P<.001,H=111 P<.001, H=56 P=.002, H=19
‘Warm continental P<.001,H=176 P<.001,H=85 P<.001,H=21
Temperate steppe P<.001,H=74 P<.001, H=99 P<.001,H=23
Hot continental P<.001, H=377 P<.001, H=410 P<.001, H=143
Subtropical P=.005,H=13 P<.001, H=302 P<.001,H=117
Tropical/subtr. desert P=.017,H=19 P=.094, H=8 P=.015H=14

For each of the 10 divisions, cell contents show the P value significance and Kruskal-Wallis H statistic for
one-way tests conducted using finer-level (province) spatial variation, natural drainage class, or land cover
as the categorical variable. Within each division, the bold cell indicates the most significant source of varia-
tion, assessed according to the H statistic
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Median Profile SOC Stock

Profile SOC Stock (IQR)

1,500 Km

Fig. 1 Map showing the median (left panel) and interquartile range (right panel) of profile total soil carbon
stocks, in Mg ha™!. Warmer colors show higher (or more variable) C stocks while cooler colors show lower
(or less variable) C stocks; note that the color ramp ranges differ between the two panels. Map units are the
36 ecoregional provinces delineated within the CONUS by the ECOMAP framework, less extreme southern
Florida (due to low data density). (Color figure online)

differences between land uses are not consistent between topsoils (A horizons) and sub-
soils (B horizons). In terms of C stocks, topsoils from reforesting cultivated lands are inter-
mediate between actively cultivated lands and natural forests; in subsoils, cultivated lands
have the largest median C stocks, followed by natural forest and reforesting lands (Table 3,
all P<0.001). Examining the properties of these soil horizons more closely, topsoils from
reforesting cultivated lands have bulk densities and C concentrations intermediate between
topsoils from actively cultivated lands and those from natural forests (Fig. 2; all P <0.001).
Among subsoils (Fig. 3), bulk densities are lowest in natural forest (P <0.001) and similar
in cultivated and reforesting soils; C concentrations are highest in natural forest, intermedi-
ate in cultivated soils, and lowest in reforesting soils (P <0.001).

Impacts of land use on biomass C stocks

At the national level, lands that were previously cultivated but are now reforesting have
significantly lower AGWB C stocks than natural forests that, based on our inferential
approach, were not previously cultivated (P <0.001). This result holds whether consider-
ing only ISCN sites with NLCD forest cover types, or grouping forest and shrub/scrub
cover types into the combined woody vegetation cover type described in “Land cover and

Table 3 Carbon storage in
Mg ha™! for topsoils (A horizons)
and subsoils (B horizons) of

Horizon ~ Ongoing cultivation  Previously culti- ~ Natural forest
vated, reforesting and shrub/

three different land uses, for soils serub
across the CONUS A 28 (15-49)¢ 30 (19-45)° 37 (21-64)"
B 11 (6-22)* 8 (5-15)°¢ 10 (5-23)°

Values presented are median C stocks (with 25th and 75th percentiles
in parentheses). Within each horizon, land uses with significantly dif-
ferent median C stocks (P <0.001) are indicated with superscripts
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Fig.2 Bulk density (left panel) and organic C concentration (right panel) for A horizons from soils under-
going continuous cultivation (cult), natural forest and shrub/scrub (nat forest), and previously cultivated,
reforesting soils (reforest). Boxplots show medians (all groups are significantly different at P<0.001) and
25th and 75th percentiles; whiskers show the 10th and 90th percentiles; points are outliers (5th and 95th
percentiles)
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Fig. 3 Bulk density (left panel) and organic C concentration (right panel) for B horizons from soils under-
going continuous cultivation (cult), natural forest and shrub/scrub (nat forest), and previously cultivated,
reforesting soils (reforest). Boxplots show medians, 25th and 75th percentiles; whiskers show the 10th and
90th percentiles; points are outliers (Sth and 95th percentiles). Carbon concentrations differ significantly
between all groups; bulk density is significantly lower (P <0.001) for natural forest from the other two land
uses, which are not significantly different

biomass overlay data” section. For all woody vegetation lands collectively, median AGWB
C stocks are 31 Mg C ha~! (IQR = 15-45) for (previously cultivated) reforesting lands, ver-
sus 44 Mg C ha~! (IQR =27-57) for natural forest lands.

Examining the effects of forest establishment type and stand age using the more
detailed, direct data from the NFI plot network reveals several significant patterns.
Across the U.S., forests resulting from afforestation, reforestation, or forest establish-
ment (planted or natural) on previously non-forested lands are younger and have lower
median AGWB C stocks than naturally regenerated forests (Table 4; P<0.001). In
terms of their median values of AGWB accumulation (C stock divided by stand age),
young, deliberately established forests (afforestation and reforestation) are accumulating
C in AGWB 2-3 times faster than naturally regenerated forests (P <0.001), except for
forests on previously non-forested lands. On these lands, the rate of AGWB is roughly
half that of lands maintained as forest (Table 4; P <0.001). When controlling for stand
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Table 4 National Forest
Inventory (NFI) plot data from
CONUS comparing aboveground
woody biomass C for two
options each under three different
forest conditions, including
afforestation, reforestation,

and forest establishment on
previously non-forest land

N Age Mg C ha™! Mg C ha™! year™!
Afforested
N 23,163 65 (33-86) 43 (20-69) 0.8 (0.4-1.3)
Y 135 16 (7-35) 21 (5-63) 1.4 (0.8-2.1)
Reforested

N 74,726 70 (43-98) 37 (13-69) 0.6 (0.2-1.1)

Y 7396 20 (10-30) 32 (10-55) 1.6 (0.9-2.5)
Prev. nonforest

N 43,529 61 (31-83) 46 (22-71) 0.9 (0.5-1.3)

Y 1648 37 (10-71) 14 (2-43) 0.5 (0.2-1.1)

Under each condition, “N” indicates plots in which forest cover was
not established by that option; “Y” indicates plots in which for-
est cover was established by that option. For example, for reforesta-
tion, “N” plots represent forestland not resulting from replanting (i.e.,
natural regeneration); “Y” plots indicate forestland that results from
replanting. For each approachXxoption group, the table shows the
number of plots, the age (years), C storage in aboveground woody
biomass (Mg C ha™!), and annualized rate of aboveground biomass
production (Mg C ha™! year™"). Values shown are medians, with 25th
and 75th percentiles in parentheses; medians are significantly different
(P<0.001) for the NXY comparisons within each of the three forest
conditions

age to more closely examine C accumulation in AGWB over time during reforestation,
planted forests accumulate more C in biomass than naturally regenerated forests (Fig. 4;
P <0.001 for differences between medians within the first 4 time categories). Per time,
the C sequestration benefit of planting is greatest in the first several decades, when
AGWB C stocks are roughly three-fold greater than naturally regenerated forests. Dur-
ing this period, the consistently high initial stocking density of planted forests appears
important to their C sequestration advantage.
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Fig.4 Carbon storage in aboveground woody biomass (left panel) and stem stocking density (right panel)
for forests resulting from natural regeneration (open symbols) versus reforestation (filled symbols). Data
are from NFI plots. Points plotted are medians, which differ significantly between reforestation and natural
regeneration in the first 4 time categories (P <0.001); error bars are the 25th and 75th percentiles
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Table 5 National Forest

-1
Inventory (NFI) plot data from " Age Mg Cha
CONUS comparing coarse Reforested
woody debris C stocks for
two options each under two N 20,171 70 (40-100) 3(0-10)
different forest conditions, Y 1871 22 (12-34) 7 (1-15)

including reforestation and forest  previous non-forest
establishment on previously non- N 1660 55 (25-75) 1 (0-4)

forest land
Y 80 33 (8-60) 0(0-2)

Under each approach, “N” indicates plots in which forest cover was
not established by that option; “Y” indicates plots in which forest
cover was established by that option. For example, for previously non-
forest land, “Y” indicates forests growing on previously non-forest
lands; “N” indicates forests growing on lands under continuous forest
land use. For each approach X option group, the table shows the num-
ber of plots, the age (years), and C storage in coarse woody debris (Mg
C ha’l). Values shown are medians, with 25th and 75th percentiles
in parentheses; medians are significantly different (P <0.001) for the
N XY comparisons within each of the two forest conditions

Table 6 Carbon storage in coarse
woody debris for forests resulting
from natural regeneration versus <10 0 (0-4) 5 (1-14)
planting (reforestation)

Age class Natural Planted

10-25 0 (0-1) 6 (1-14)
25-50 0 (0-3) 7 (2-18)
50-100 3(1-9) 7 (3-17)
> 100 10 3-21) 6 (3-16)

Values are medians, which differ significantly between reforestation
versus natural regeneration in all time categories (P<0.001), with
25th and 75th percentiles in parentheses

Impacts of land use on woody debris C stocks

At the national level, NFI data on CWD C stocks (Table 5) show similar trends to
AGWB C stocks. First, planted forests and forests growing on previously nonforest
lands are significantly younger than naturally regenerated forests and lands under con-
tinuous forest uses, respectively. Second, planted forests have median CWD C stocks
approximately double those of naturally regenerated forests, and stocks of C in CWD
are significantly greater in lands maintained under forest cover than in forests growing
on previously nonforest land (both P <0.001). In all cases, these C stocks are very small
relative to the soil C and AGWB pools previously described. In terms of temporal pat-
terns, planted forests have significantly larger CWD C stocks than naturally regenerated
forests throughout the first century of forest development (P <0.001). However, while
CWD C stocks in planted forests appear to maintain at more or less steady state over
time, naturally regenerated forests begin accumulating substantial CWD C during the
decades approaching the close of the first century, and hold significantly more C in for-
ests > 100 years old (P <0.001) (Table 6).
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Regional patterns in land use and a national perspective on reforestation

Regional variation in land use transitions and reforestation activities indicate that
opportunities for C sequestration resulting from forest establishment are not equally dis-
tributed across the U.S. Considering ISCN sites with woody vegetation and Ap horizons
(i.e., reforesting sites) reveals that, in the prairie and subtropical ecoregional divisions,
over 1/3 of lands now possessing woody vegetation (forest or shrub/scrub) were once
plowed (Fig. 5). Based on results pertaining to topsoil C stocks (3.3), reforesting soils in
these divisions are currently recovering C lost during historic cultivation and are likely
to continue doing so as long as forests are allowed to continue recovering. Addition-
ally, NFI plot data show that the percentages of forestland less than 10 years old that
result from replanting are mostly low across the U.S., but are on the order of 50% in the
subtropical and marine divisions (Fig. 6). Importantly, these two divisions also have the
highest median rates of AGWB C accumulation; divisions with the lowest percentage
of young forests resulting from reforestation generally had the lowest median rates of
AGWB C accumulation (Fig. 7).
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Fig.5 Map showing the percentage of ISCN sites covered with woody vegetation that also possess an Ap
horizon, indicative of past cultivation. Darker shading indicates a higher proportion of lands now covered
in woody vegetation that were previously cultivated. Map units are the 10 ecoregional divisions delineated
within the CONUS by the ECOMAP framework, less extreme southern Florida (Savannah division, due to
low data density). (Color figure online)
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Fig.6 Map showing the percentage of forests less than 10 years old that result from deliberate planting,
based on NFI plot inventory data. Darker shading indicates a higher proportion of reforestation. Map units
are the 10 ecoregional divisions delineated within the CONUS by the ECOMAP framework, less extreme
southern Florida (Savannah division, due to low data density). (Color figure online)

Discussion
Key findings

The results of our analysis support four key inferences regarding land use impacts on C
sequestration, discussed in subsequent sections, and highlight the large, measureable ben-
efits that reforestation has for ecosystem C storage. First, in the bigger picture, soils are the
dominant storehouse of C in all ecosystems and land cover types in the U.S., and variation
in soil C pool sizes across the nation has less to do with land cover than with other fac-
tors. Nonetheless, soils hold the potential for long-term C increases following specific land
use transitions; namely, where cultivated lands are converted to forest land uses. Third,
the establishment of woody vegetation delivers immediate to multi-decadal C sequestra-
tion benefits in biomass and woody debris pools. Fourth, opportunities for reforestation-
enhanced C sequestration (whether ongoing or not yet initiated) are not equally distributed
across the U.S. Taken together, these inferences suggest that an immediate, yet phased and
spatially selective approach to reforestation can enhance terrestrial C sequestration in the
U.S. for decades to centuries to come.

Variation in soil and AGWB C stocks between land cover types, and the importance of
ecoregional variation in these C pool sizes, does more than provide a broad overview of
contemporary patterns (Tables 1, 2). More importantly, this national snapshot of C stocks
by land cover suggests that the majority of the C held in terrestrial ecosystems (i.e., that in

@ Springer



130 New Forests (2019) 50:115-137

Median AGWB
C Accumulation Rate

Mg/halyr
B A
1.3 0.05

b

Cd

Temperate Steppe

‘Warm Continent

L 1 1 1 | 1 1 1

Fig. 7 Map showing the median rate of annual C accumulation in aboveground woody biomass (Mg C ha™!
year™!). Warmer colors show higher rates while cooler colors show lower rates. Map units are the 10 ecore-
gional divisions delineated within the CONUS by the ECOMAP framework, less extreme southern Florida
(Savannah division, due to low data density). (Color figure online)

soil) is not especially responsive to typical land use decisions. On the other hand, such a
broad, observational snapshot is not a high-confidence approach to quantifying the impacts
of a specific land use transition, such as reforestation on formerly cultivated soil, on eco-
system C stocks. In particular, in a nationwide assessment such as this, there is the poten-
tial for nonrandom spatial patterns in land use, such as cultivation of inherently richer soils
and forest persistence on poor soils, to obscure true effects of reforestation. Furthermore,
the use of remotely sensed land cover data (despite its validity according to independent
observations in the ISCN DB) as a proxy for land use carries many problems of interpreta-
tion, and requires alternative sources of information to quantify C sequestration impacts
resulting from reforestation.

The detailed soil descriptions and C data, coupled with remotely sensed land cover in
the ISCN DB allow attribution of land use and quantification of its impacts on soil C. Spe-
cifically, the separation of cultivated lands, reforesting cultivated lands, and natural for-
est lands demonstrate the current status and potential for continued C sequestration dur-
ing forest establishment on formerly plowed soils. Comparing median topsoil C stocks
across these three land uses (Table 3) suggests that, in general, deforestation and cultiva-
tion release 25% of topsoil C stocks relative to a forested baseline (28 vs. 37 Mg C ha™!).
Given a median topsoil C stock of 30 Mg C ha™! in reforesting cultivated lands, it appears
these soils have yet to recover the majority of their “lost” C, assuming that never-culti-
vated natural forests represent an attainable long-term target. Considered collectively with
results from subsoil horizons, which have smaller C stocks but show a net decrease in soil
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C during reforestation compared to natural forest or cultivated lands, these results fit with
patterns observed during long-term studies of individual sites undergoing post-agricultural
reforestation. For example, on the Calhoun Experimental Forest (South Carolina), which
suffered severe soil degradation during cultivation in the 19th and early 20th centuries,
reforestation by Pinus taeda L. since the 1950s has been driving net accumulation of C
in the topsoil and net loss of C from subsoils (Mobley et al. 2015; Richter et al. 1999).
More broadly, quantitative reviews have demonstrated that while turnover and net replace-
ment of deep soil C such as this is typical during forest regrowth, whole-profile C stocks
typically increase during reforestation (Guo and Gifford 2002; Laganiere et al. 2010; Nave
et al. 2013; Post and Kwon 2000). In general, residence times of soil C increase, and rates
of C cycling processes decrease, with depth (Heckman et al. 2014; Schrumpf et al. 2013;
von Lutzow et al. 2006). Given that even relatively “fast-cycling” soil horizons, such as
topsoils, have C residence times spanning many decades to centuries, with deeper horizons
holding C that turns over on century- to millennial scales, the recovery times for soil C
lost during cultivation are likely quite long. Therefore, a sustained commitment to refor-
estation, rather than re-initiation of cultivation, is a requirement for meaningful C gains in
reforesting soils. This is all the more important given predicted increases land use transfers
from forest to non-forest land uses as the twentyfirst century proceeds (USDA-Forest Ser-
vice 2016), as these would sacrifice soil C gains in reforesting soils on a long-term trajec-
tory to C recovery.

In the immediate to medium-term, such as the multi-decadal period over which most
forests are allowed to mature before harvesting in the U.S., AGWB is the pool that pre-
sents a clear opportunity for reforestation to enhance terrestrial C sequestration. While
NFI data allowing an assessment of reforestation are much more abundant than data allow-
ing for assessment of afforestation (Table 4), both land use decisions show the same pat-
terns relative to naturally regenerated forests. Specifically, that planted forests tend to be
younger and faster-growing than naturally regenerated forests. Generalizations that forest
biomass accumulation rates are highest in younger stands (Gower et al. 1996; Ryan et al.
1997) argue for making direct comparisons of planted versus naturally regenerated forests
within specific stand age ranges, yet even when age differences are controlled in this way
the benefit of planting remains clear, at least through the first several decades (Fig. 4). By
appearances, the key to C sequestration enhancements in planted versus naturally regener-
ated forests is the high initial stocking density of planted stands (Sample 2017). However,
the leveling off of stocking density and AGWB C stocks in the latter decades of the first
century (and the decline in both beyond 100 years of development) highlights the impor-
tance of accounting for biomass removals or stand-eliminating disturbances (e.g., fires) in
the life cycle C budgets of mid- to later-successional forests. In other words, net declines
in AGWB in forests > 100 years old indicate loss of woody C from the ecosystem; whether
this material is lost fairly quickly to the atmosphere (e.g., due to fire or bioenergy combus-
tion) or sequestered in a long-lived pool such as construction materials has a major impact
on the broader role of forests in the C cycle (Brunet-Navarro et al. 2016; Heath et al. 2011;
Smyth et al. 2014).

To the degree that they provide independent assessments of the same land use transi-
tion (forest establishment on previously nonforested land), the combined ISCN soil pro-
file+NLCD +NBCD2000 overlay data (“Impacts of land use on biomass C stocks” sec-
tion) and the FIADB plot data (Table 4) generate mutually consistent results. Specifically,
both approaches suggest slower AGWB C accumulation in forests growing on previously
non-forested lands. As many of these lands were likely cultivated in the past, these results
suggest that reforestation of agricultural lands may be preferentially occurring on lands
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that have been degraded, perhaps through the deterioration of soil properties that support
tree growth, such as lower organic matter and higher bulk density (Figs. 2, 3). Regardless
the mechanism, the slower biomass accumulation rates on previously nonforest (cultivated)
lands illustrate how targeted reforestation of such lands can fit into a phased approach for
maximizing C sequestration at a national level. Specifically, reforestation on degraded agri-
cultural lands represents a land use transition with longer-term returns. Whereas there is
a clear and immediate C accrual benefit of immediately replanting forests that have been
recently disturbed or harvested (Table 4, Fig. 4), with the largest gains above natural regen-
eration during the first 1-3 decades, the slower recovery time for soil characteristics and
forest production rates suggests that reforestation on depleted agricultural soils may play a
role more in the 50 to > 100 year timeframe as soil quality begins to improve.

Patterns of convergence and disparity between reforestation activity, forest growth rates,
and the establishment of forests on previously cultivated lands point the way to a range of
priorities and opportunities for increasing C sequestration through tree planting in the U.S.
(Figs. 5, 6, 7). Perhaps most importantly, the generally low rates of replanting across the
Nation indicate that any investment in reforestation can improve the situation from its cur-
rent, chronically under-attaining level. And, because AGWB C accumulation rates differ so
widely across ecoregional divisions, it is apparent that while some ecoregions should not
be prioritized for large-scale increases in reforestation (e.g., the dry tropical/subtropical
divisions of the interior Southwest), even marginal increases in high-productivity divisions
(e.g., marine in the Northwest and subtropical in the Southeast) can produce large C gains.
At a minimum, these gains include C sequestered in AGWB, while in the Southeast, refor-
estation is also adding significant C to historically cultivated soils that recover and hold C
over longer timescales. In other areas, such as the warm and hot continental divisions of the
Northeast, AGWB accumulation rates are moderately high, yet reforestation rates scarcely
exceed 10% of forests less than 10 years old. Increased reforestation here—especially in the
hot continental division, where historic cultivation was quite extensive—has the potential
to make a large impact on the national forest sector C balance, especially given the large
land area. The prairie and temperate steppe divisions of the central U.S. furnish a final
example. Here, many lands currently covered by woody vegetation were once cultivated,
yet very few of these lands originate from deliberate reforestation (or afforestation if they
were truly never forested). Given that these lands are currently realizing C accruals in soils
due to the establishment of woody vegetation, a targeted increase in tree planting in this
region, rather than passive woody encroachment following agricultural abandonment, can
likely increase C sequestration over longer timeframes. Similar efforts have been mounted
in the past, such as during the U.S. dust bowl era of the 1930s, when over one million hec-
tares of National Forest System lands were planted or seeded by the Civilian Conservation
Corps, and elsewhere, such as in degraded sand and loess soil regions of China (Liu et al.
2008) more recently for similar reasons.

Caveats and considerations

In this paper, we have referred variously to land cover and to land use, in the inter-
est of speaking explicitly to the land attribute in question. Our principal aim in this
analysis is focused on land use—the activity being conducted on a parcel of land; most
particularly on forest establishment (whether through deliberate planting or natural
regeneration, afforestation or woody encroachment). However, in many cases, we have
relied upon remotely-sensed land cover data as an indication of land use, and in these
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cases we use the term land cover to be specific while acknowledging that a snapshot of
land cover does not necessarily indicate land use. For example, a freshly clearcut forest
could be detected as a land cover of shrub/scrub based on the low stature and density
of its woody vegetation, even though the actual land use was forest remaining forest,
its temporary disturbance aside. On the other hand, to accurately attribute land use,
additional information collected via on-the-ground observation is necessary. For cases
in which we have such information, such as through the combination of soil morphol-
ogy (Ap horizon presence/absence) and land cover (cultivated vs. covered by woody
vegetation), we have used the term land use with confidence. Others have addressed
the issue of land use versus land cover in the context of large-scale land assessments
(e.g., Coulston et al. 2014; Woodall et al. 2016); here, our intent is to highlight the
potential limitation of our inferences resulting from reliance on remote sensing data.
In the end, corroborative results derived from ISCN land cover overlay data and data
from NFI plots (“Impacts of land use on biomass C stocks” section) allows our infer-
ences to speak for themselves, especially in light of other limitations to our approach.

The most important caveats that must be considered in this analysis pertain to our
use of data collected across space and time as a means to make indirect comparisons
of land use. First, the past—in this case, currently available inventory data that reflect
recent land cover, land use and management practices—may not predict the future. In
that regard, inferences that are forward-looking, such as the potential for C accumula-
tion to continue on lands that have undergone cultivation-to-forest transition, are open
to question. Second, because we rely for many of our inferences on space-for-time sub-
stitutions, such as NFI plots spanning a range of forest ages, there is the potential for
our approach to mis-attribute causation or obscure important underlying constraints.
For example, it is possible that certain agricultural lands are preferentially abandoned
for underlying factors that later influence the rate of forest biomass accumulation, and
it is these factors (rather than cultivation itself) that results in slower growth rates for
forests on previously cultivated lands. Similarly, it is possible that the soil datasets
contributed to ISCN comprise a non-representative sample of lands in the U.S., and
this could obfuscate trends that we do, or do not detect and report in this analysis.

A third consideration that could impact our results pertains to those C pools that we
did versus did not include in our analyses. Specifically, in this paper, we do not report
the contributions of trees < 12.7 cm diameter, or of roots (coarse or fine) to ecosystem
C stocks. Early in analyses, we examined data from NFI plots, and upon determining
that small trees represent < 10% of the AGWB on>90% of the plots, chose to exclude
these as a pool of interest. Roots- in particular, the coarse, woody roots that represent
a C pool that is similarly long-lived to AGWB, are likely a significant C stock at all
spatial levels (plots, ecosystems, ecoregions). However, the NFI approach, similar to
that often used in large-scale C work, is to estimate the pool size of this belowground
woody biomass as a static fraction of AGWB (e.g., 20%), and estimate it on that basis.
Rather than inflate our C stock analyses by including these uncertain estimates, we
exclude them. While the overall result is likely that we underestimate C sequestration
due to reforestion as a consequence, we suggest this is an acceptable trade-off in an
analysis that otherwise incorporates so many sources of uncertainty. Ultimately, while
there are still other caveats and considerations that could be raised around this work,
its inferences are based on very large datasets that provide a degree of confidence in its
overarching results, and we offer its results as self-supporting.
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Conclusions

Wide-ranging data from independent, complementary sources suggest that reforesta-
tion enhances C sequestration in multiple ecosystem pools, differing in their C residence
times, at regional to national levels. In general, soil C stocks are not particularly sensitive
to land cover type, but specific land use transitions, such as the establishment of forests
on formerly cultivated lands, causes increases in topsoil C storage. Under these situations,
rates of C accumulation in aboveground woody biomass are lower than rates observed for
continuous forest land uses, but represent an additional pool for C gains during reforesta-
tion. In forest lands that have been harvested or affected by stand-eliminating disturbances,
deliberate re-planting realizes two- to three-fold gains in C accumulation in aboveground
woody biomass compared to natural regeneration. Coarse woody debris C stocks, while
much smaller overall, are also increased as a result of reforestation. Given wide variation
in fundamental ecologic factors, such as climate and geology, that influence forest growth
rates, an ecoregional framework is well-suited to identifying and prioritizing areas for
reforestation efforts at regional to national levels.
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