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Future forest aboveground carbon 
dynamics in the central United 
States: the importance of forest 
demographic processes
Wenchi Jin1, Hong S. He1, Frank R. Thompson III2, Wen J. Wang1, Jacob S. Fraser1, 
Stephen R. Shifley2, Brice B. Hanberry1 & William D. Dijak2

The Central Hardwood Forest (CHF) in the United States is currently a major carbon sink, there are 
uncertainties in how long the current carbon sink will persist and if the CHF will eventually become a 
carbon source. We used a multi-model ensemble to investigate aboveground carbon density of the 
CHF from 2010 to 2300 under current climate. Simulations were done using one representative model 
for each of the simple, intermediate, and complex demographic approaches (ED2, LANDIS PRO, and 
LINKAGES, respectively). All approaches agreed that the current carbon sink would persist at least 
to 2100. However, carbon dynamics after current carbon sink diminishes to zero differ for different 
demographic modelling approaches. Both the simple and the complex demographic approaches 
predicted prolonged periods of relatively stable carbon densities after 2100, with minor declines, until 
the end of simulations in 2300. In contrast, the intermediate demographic approach predicted the CHF 
would become a carbon source between 2110 and 2260, followed by another carbon sink period. The 
disagreement between these patterns can be partly explained by differences in the capacity of models 
to simulate gross growth (both birth and subsequent growth) and mortality of short-lived, relatively 
shade-intolerant tree species.

The Central Hardwood Forest (CHF) covers a large portion of the eastern United States and is one of the largest 
forested biomes in the world1. The CHF is currently a major carbon sink (i.e. positive net change of carbon den-
sity), similar to many other major temperate forests in the world e.g.2,3. The CHF is a carbon sink because forests 
are relatively young (approximately 70% of stands are between 40 and 90 years, Pan et al.4) and regrowing from 
historic disturbances, especially agricultural land abandonment and exploitative timber harvesting between the 
1880 s and the 1940 s5–7. The CHF provides ecosystem services at regional and global scales that include carbon 
sequestration and critical socio-economic goods and services related to carbon dynamics8. Thus, the future car-
bon dynamics of CHF are of great interest to scientists, land owners, resource managers and policy makers.

There is no general consensus regarding the long-term future aboveground carbon dynamics of temperate 
forests. Three major trajectories have been proposed for the future status of these current carbon sinks based on 
empirical and theoretical studies: short-term, mid-term, and long-term carbon sink trajectories. The short-term 
carbon sink trajectory is based on field measurements of second-growth forest and suggests the forest will only 
remain a carbon sink for decades (approximately 80 years), and will then function as a carbon source, largely due 
to mortality of aging trees e.g.9. The mid-term carbon sink trajectory proposes the forest will remain a carbon 
sink longer after the forest matures until it approaches the average longevities of the current early-successional 
tree species. The forest will then become a carbon source due to mortality of early-successional tree species, but 
it will subsequently become carbon neutral as it transitions to old-growth forest dominated by late-successional 
tree species in an equilibrium state. This is considered a typical trajectory for even-aged forests10. The long-term 
carbon sink trajectory proposes that the aboveground carbon sink could remain for centuries (ca. 350 years) after 
the forest matures, however, this trajectory is inferred from studies on old-growth forests and may provide lim-
ited insight for aboveground carbon dynamics in younger forests e.g.11–13. Given that the CHF is relatively young 
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and has a unimodal age distribution typical of even-aged forest4, we hypothesize that its aboveground carbon 
dynamics will follow the mid-term carbon sink trajectory described above and become a carbon source after 
approximately 150 years of regrowth when the current cohort of early-successional species reach longevity and 
experience an increased rate of tree mortality.

Forest aboveground carbon dynamics are influenced by intrinsic and extrinsic factors, among which for-
est demographic processes, play an important role e.g.14,15. Forest demographic processes consist of two major 
components: gross growth (including both birth and subsequent growth of trees) and mortality. Three major 
approaches of representing these demographic processes have been adapted by process-based forest models that 
are widely used to predict future aboveground carbon dynamics. A simple demographic approach assumes that 
the chance of birth is equal for all species (groups) regardless of their physiological differences. Subsequent incre-
ments in carbon (or biomass) are determined by environmental factors and physiological differences for different 
species (groups). Tree mortality in the model is triggered a) by longevity (all cohorts have potential to reach 
longevity), b) when trees are predicted to have a small or negative carbon balance, and c) when small-scale ran-
dom disturbances representing density-independent stochastic weather or pest events16 are modelled to occur. 
An intermediate demographic approach has different chances of birth for different species or groups based on 
shade tolerance, seed production, and other environmental conditions. Subsequent carbon and biomass incre-
ments are based on preset growth rate curves for different species (groups). Mortality estimates are based on a 
combination of longevity (many cohorts have the potential to reach species’ longevity), competition among tree 
cohorts, and small-scale random processes17,18. In a complex demographic approach, tree birth is similar to that in 
the intermediate demographic approach, with subsequent tree carbon increments determined by preset growth 
rate curves for different species (groups) as well as by environmental factors. Mortality is triggered by longevity 
(only a small percentage of cohorts can reach longevity), inter-tree competition, carbon balance, and small-scale 
random processes19.

Comparison of different approaches in models and differences in model predictions can be useful20–22. If 
among different approaches there is a consensus on predicted future forest dynamics, then scientists, policy mak-
ers and stakeholders can be more confident in the predictions22. Differences among predictions can be at least 
partly attributed to differences in approaches and may give insight into factors driving the results20,23.

We used three process-based forest models: ED2, LANDIS PRO, and LINKAGES to simulate aboveground 
carbon density of the CHF from 2010 to 2300. These three widely used models were chosen based on their repre-
sentativeness in simple, intermediate, and complex demographic approaches, respectively. Climate change e.g.24 
and various large-scale disturbances e.g.2,25 have been suggested to have profound effects on forest aboveground 
carbon dynamics. However, most studies have not separated such effects from forest demography and conclusions 
drawn from such studies without a substantial understanding of effects of forest demography could be ambigu-
ous. Therefore, we focused on understanding the effects of forest demography on aboveground carbon dynamics 
and conducted simulations under current climate and without major disturbances. We aimed to address the 
following research questions: (1) How long will current carbon sink of CHF persist? (2) After the current car-
bon sink is diminished to zero, would the forests of the CHF change to a carbon source? (3) How do different 
approaches to modelling forest demographic processes affect estimates of forest aboveground carbon dynamics?

Methods
Study area. The CHF covers more than 1.7 ×  105 km2 in southern Missouri, Illinois and Indiana between 
36°30′ and 39°35′ N and 84°47′ and 94°36′W (Fig. 1). The climate is humid continental with long hot sum-
mers and cool winters. Mean annual temperatures range from 12.3 °C in southern Indiana to 13.1 °C in southern 
Missouri and mean annual precipitation ranges from 1140 mm in southern Indiana to 1090 mm in southern 
Illinois and 1115 mm in southern Missouri8. Soils in southern Missouri are moderately well drained to well-
drained and are generally shallow, stony, highly weathered, and acidic. Soils in southern Illinois vary with section 
and topography; they include soils similar to Missouri as well as poorly drained soils such as fragipans and clayp-
ans. Soils in southern Indiana are generally well drained and typically have silt loam or loam textures26. The CHF 

Figure 1. Distribution of the Central Hardwood Forest in the United States. Map was made using ArcMap 
10.3 (http://desktop.arcgis.com/en/arcmap/).

http://desktop.arcgis.com/en/arcmap/
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region includes 53 ecological subsections in the Central Interior Broadleaf Forest ecological province26. About 
40% of the study area is forested land, of which two-thirds is in Missouri and the remaining is divided roughly 
equally between Illinois and Indiana. Oak-hickory forests dominate in all three states and represent 79% of the 
total forest land8. White oak, black oak, post oak, scarlet oak, northern red oak, shagbark hickory, and pignut 
hickory (see Table 1 for scientific names) account for more than 75% of the total aboveground woody carbon. 
Shortleaf pine is the most common conifer species. The study area experienced wide-spread timber harvesting, 
forest clearing, and subsequent agricultural land abandonment between the 1880 s and the 1940 s5,6.

Forest Inventory and Analysis (FIA) data. FIA is an inventory program that systematically samples, 
analyzes and publishes data describing forest conditions in the United States. It is managed by the United 
States Department of Agriculture, Forest Service. The FIA inventory is carried out on a state-by-state basis with 
a sampling intensity of approximately one plot per 2430 hectares27. Each FIA plot consists of four subplots of 
7.32 m radius, in which trees with a diameter at breast height (dbh) of 12.7 centimeters or larger are measured. 
A microplot (2.07 m radius) is nested within each subplot, and in each microplot, trees with a dbh between 2.5 
and 12.6 centimeters are measured. The FIA data include a per-hectare expansion factor for each measured tree 
so per-hectare estimates of forest conditions can be computed for the region or for subregions. Most FIA plots 
are reinventoried on cycle of approximately 10 years27,28. FIA data have been used extensively for regional forest 
biomass/carbon estimation and model validation e.g.29.

Model calibration and validation. We used FIA data for model calibration and validation (see supplementary  
information). Since large-scale independent time series of spatiotemporal data for model validation rarely 
exist, we used a data splitting method for calibrating and validating models. Specifically, we used 50% of the 
FIA plots from the 1980 s to 2010 s for model calibration (calibration subset) and reserved the other 50% of 
FIA plots for short-term model validation (validation subset)29. In model validation, simulations were run 
from 1980 to 2010 using FIA plots from the 1980 survey cycle located within the study area. Model predictions 
of aboveground carbon density of (1) all plant functional types, (2) early-successional deciduous trees, (3) 
mid-successional deciduous trees, (4) late-successional deciduous trees, and (5) pines (see Table 1 for species in 
each plant functional type) in 1990, 2000 and 2010 were compared with corresponding FIA data. All predictions 
were averaged by ecological subsections. Standard deviations were also calculated among ecological subsections. 
Percent bias and bias were calculated based on the comparisons with FIA data30. We also compared average 
annual aboveground carbon density change from 1980 to 2010 predicted by three models with FIA data.

Design of simulation. We initialized forest conditions for each model based on conditions of 2176 FIA 
plots that were inventoried in the CHF during the 2010 survey cycle, and from those initial conditions we ran 
simulations from 2010 to 2300. We recycled the observed climate conditions from 1980–2009 over the entire 
simulation period so climate conditions were representative of the current climate. We included 20 common tree 
species (Table 1), which account for more than 90% of the aboveground live carbon in the CHF. LINKAGES and 
LANDIS PRO modeled individual species, however, we had to assign species into 4 plant functional types for 
ED2 (Table 1). Replicated simulations for LINKAGES and LANDIS PRO were necessary to capture variation in 
outputs due to stochastic processes. We replicated simulations 20 times for LINKAGES and 5 times for LANDIS 

Plant functional type Common name Scientific name

Early-successional deciduous
red maple Acer rubrum L.

black cherry Prunus serotine Ehrh.

Mid-successional deciduous

pignut hickory Carya glabra Miller

shagbark hickory Carya ovata (Mill.) K. Koch

mockernut hickory Carya tomentosa Sarg.

white ash Fraxinus americana L.

sweet gum Liquidambar styraciflua L.

yellow poplar Liriodendron tulipifera L.

white oak Quercus alba L.

scarlet oak Quercus coccinea Muenchh.

southern red oak Quercus falcata Michx.

chestnut oak Quercus prinus L.

northern red oak Quercus rubra L.

post oak Quercus stellata Wangenh.

black oak Quercus velutina Lam.

Late-successional deciduous
sugar maple Acer saccharum Marshall

American beech Fagus grandifolia Ehrh.

Pine

red cedar Juniperus virginiana L.

shortleaf pine Pinus echinata Mill.

loblolly pine Pinus taeda L.

Table 1.  20 tree species and the corresponding 4 plant functional types included in this study.
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PRO. Since variation in model output for each model was extremely small, we only used one replicate for analysis. 
ED2 is a deterministic model, so no replications were necessary for it.

For each model applied across the entire study area we predicted total aboveground carbon density, net 
aboveground carbon density change, aboveground gross growth (including birth and subsequent growth), 
aboveground mortality. We calculated standard deviations among ecological subsections for all three models. We 
also reported carbon densities by species (LINKAGES, LANDIS PRO) and by plant functional type (ED2) for the 
entire study area.

Results
Model validation. All three models showed reasonably good agreements with observed trends of a) increas-
ing total aboveground carbon density and b) aboveground carbon densities of four plant functional types when 
compared with measured FIA plots from 1980 to 2010 (Fig. 2). Total aboveground carbon density increased 
from 27.2 to 40.9 Mg ha−1 from 1980 to 2010 according to the FIA data. Over the 30-year period, ED2 tended 
to overpredict total aboveground carbon density with a bias of 1.7 Mg ha−1, or 4.9%. LANDIS PRO tended to 
overpredict with a bias of 1.0 Mg ha−1, or 2.6%. LINKAGES tended to underpredict with a bias of − 0.4 Mg ha−1, 
or − 1.4%. Annual total aboveground carbon density changes from 1980 to 2010 for the FIA data and the ED2, 
LANDIS PRO, and LINKAGES predictions were 0.46, 0.54, 0.51, and 0.50 Mg ha−1 year−1, respectively. For ear-
ly-successional deciduous trees, ED2 tended to overpredict aboveground carbon density over the 30-year period, 
and so did LINKAGES and LANDIS PRO. For mid-successional deciduous trees, ED2 tended to overpredict 
aboveground carbon density, LANDIS PRO tended to overpredict, and LINKAGES tended to underpredict. For 
late-successional deciduous trees, ED2 tended to overpredict aboveground carbon density, LANDIS PRO tended 
to overpredict, and LINKAGES tended to underpredict. and. For pines, ED2 tended to overpredict aboveground 
carbon density, LANDIS PRO tended to overpredict, and LINKAGES tended to underpredic (Fig. 2).

Trajectories of carbon dynamics. Projected trajectories of carbon density differed among models. 
However, LINKAGES and ED showed similar trends: aboveground carbon density increased over time to a max-
imum followed by a slight decrease to the end of the simulation period in 2300 (Fig. 3). Despite similar overall 
trends, maximum aboveground carbon densities varied from 142.2 (LINKAGES) to 159.8 (ED2) Mg ha−1, and 
the time in which the maximum densities were reached also varied greatly from 2100 (ED2) to 2160 (LINKAGES) 
(Fig. 3). After maximum aboveground carbon densities were reached, the lowest aboveground carbon densities 
were observed in 2300 in both models. LANDIS PRO showed a different trend; aboveground carbon density 
increased to a peak of 149.6 Mg ha−1 in 2110, decreased to 109.9 Mg ha−1 in 2180, then increased to an asymptote 
of approximately 143 Mg ha−1 in 2260 (Fig. 3).

Net aboveground carbon density changes predicted by all models were positive from 2010 to 2090. Within 
this period, maximum annual net aboveground carbon density changes were 2.7, 2.3 and 1.5 Mg ha−1 year−1 for, 
ED2, LANDIS PRO, and LINKAGES, respectively. Annual net aboveground carbon density changes dropped 
below zero in 2100, 2110, and 2160 for ED2, LANDIS PRO, and LINKAGES, respectively. Thereafter, the annual 
net aboveground carbon density changes remained slightly negative most of the time for ED2 and LINKAGES. 
However, annual net aboveground carbon density change for LANDIS PRO showed a peak-dip-recovery pattern: 
it was positive from 2010 to 2100, negative from 2110 to 2170, and positive from 2180 to 2260 (Fig. 3). Trends of 
aboveground gross growth predicted by all three models were similar to those of net aboveground carbon density 
change. Average aboveground gross growths over the whole simulation period were 1.56, 1.69, and 1.67 Mg ha−1 
year−1 for ED2, LANDIS PRO, and LINKAGES, respectively. Aboveground mortality predicted by ED2 showed 
an increasing trend from 2010 to 2100, and then plateaued around 1.38 Mg ha−1 year−1. Aboveground mortality 
predicted by LANDIS PRO increased from 2010 to 2140, followed by a peak of mortality (1.88 Mg ha−1 year−1in 
2160), and decreased to 1.41 Mg ha−1 year−1 in 2180. The aboveground mortality increased again to 1.72 Mg ha−1 
in 2220, and decreased slightly to 1.61 Mg ha−1 at the end of the simulation period (Fig. 3). Aboveground mor-
tality predicted by LINKAGES showed an increasing trend from 2010 to 2180, and then stayed around 1.63 Mg 
ha−1 year−1.

Both ED2 and LINKAGES predicted increases in aboveground carbon density of shade-intolerant species 
from 2010 to approximately early 22nd century, followed by declines towards 2300. However, LANDIS PRO pre-
dicted a peak-dip-recovery pattern in aboveground carbon density of shade-intolerant species: it increased until 
2110, declined until 2180, and then increased again. All models predicted that mid-successional species contained 
the largest portion of aboveground carbon throughout the simulation period. All models predicted increases in 
aboveground carbon density of shade-tolerant, late-successional species at the end of simulation period at which 
time they accounted for approximately 30% of the total aboveground carbon. Aboveground carbon density of 
pines remained low and relatively stable in all three models (Fig. 4).

Discussion
Durations of the period in which the CHF was a carbon sink varied among the three models (Fig. 3); however, 
there was consensus that the period the CHF was a carbon sink would persist to at least 2100. The current average 
age of the CHF is approximately 70 years, and by 2100, the average age would be approximately 160 years. This 
duration of the carbon sink (approximately 170 years) is consistent with that proposed by Bormann and Likens10. 
It is also consistent with model predictions suggesting temperate forests in Massachusetts will remain as carbon 
sink until at least to 2060 due to forest regrowth31. However, our prediction for the duration of the carbon sink 
was much younger than 350 years e.g.11–13, and older than 80 years9 as reported in other temperate forests.

Average net aboveground carbon density changes predicted by ED2, LANDIS PRO, and LINKAGES from 
2010 to 2300 were 0.35, 0.35, and 0.32 Mg ha−1 year−1, respectively. All values were lower than 0.51 Mg ha−1 
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year−1, which was derived from the 30-year (1980-2010) FIA data of younger forests. And a general decreas-
ing trend of annual net aboveground carbon density change can be found in predictions of all three models. 
Such a decreasing trend is in accordance with the consensus that older forests typically have lower annual net 
aboveground carbon density change than younger forests32–34. Decreasing annual net aboveground carbon den-
sity change was likely predicted because gross growth (birth and subsequent growth) of aging forest gradually 
decreases to equilibrate with mortality35, and when gross growth equals to mortality the annual net aboveground 
carbon density change becomes zero.

Both simple and complex demographic approaches (ED2 and LINKAGES) predicted more stable 
aboveground carbon density trajectories, with slight decrease towards the end of simulations. These two mod-
els differ in the way they simulate birth but both simulate mortality resulting from slow growth and longevity. 
However, ED2 simulates effects of small-scale disturbances through density-independent mortality rates for dif-
ferent plant functional types, while LINKAGES does not simulate such disturbances. These results were consistent 
with studies suggesting that mortality plays a significant role in carbon dynamics of temperate forests e.g.14,15. 
The decline in aboveground carbon density predicted by LANDIS PRO was largely caused by both concentrated 
longevity-related mortality in comparatively short-lived, shade-intolerant species and decrease in aboveground 
gross growth (Fig. 3). These short-lived, shade-intolerant species included black oak, red maple, black cherry, 
scarlet oak, and northern red oak (Fig. 4), and their average longevities are 150–200 years. In the period between 
2110 and 2180, most current cohorts of these species will reach their longevities, hence there is a peak in the 

Figure 2. Comparisons of aboveground carbon densities of all plant functional types, early, mid, and late-
successional deciduous trees, pines predicted by LINKAGES, ED2, and LANDIS PRO (all simulations were 
initialized with 1980 FIA data) with carbon density derived from FIA data of the Central Hardwood Forest 
in the United States. Error bars represent standard deviations among ecological subsections.
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predicted aboveground mortality (Fig. 4). On the other hand, in LANDIS PRO, regeneration success rates of 
these species were set to be low due to limited germination and competition for light in the presence of larger 
and older tree cohorts36. Such limited regeneration probabilities could contribute to the decline in aboveground 
gross growth due to limited carbon density increase contributed by younger cohorts. After a period of high, 
longevity-related mortality due to the clustered age-class distribution, forest gaps are expected to form and facil-
itate regeneration opportunities for the relatively short-lived and shade-intolerant species37. Due to a lack of 
long-term forest inventory data and the relatively young mean age of CHF, we can’t directly validate the predicted 
peak-dip-recovery pattern characteristic of the LANDIS PRO simulation. Such a pattern is supported, however, 
by relatively discontinuous yet concentrated (multi-peak) age distributions reported from several types of for-
ests with much older mean ages that include oak forests (e.g., Quercus mongolica var. grosseserrata) in northern 
Hokkaido, Japan38, and coniferous forests (e.g., Abies balsamea and Tsuga canadensis) in the Great Lake region39.

After reaching a peak, aboveground carbon density predicted by ED2 and LINKAGES declined slowly until 
2300 (Fig. 4). This pattern differed from that of LANDIS PRO mainly in that both simple and complex demo-
graphic approaches did not predict the peak-dip-recovery carbon dynamics of shade-intolerant species. This 
difference can be partly attributed to different model assumptions and formulations. Both ED2 and LINKAGES 
simulate mortality as a function of slow growth (small carbon/diameter increment or negative carbon incre-
ment) in the event of unfavorable environment conditions, e.g., excessively high temperature16,19,40. In con-
trast, competition-related mortality in LANDIS PRO is modeled directly as a function of stand density (i.e. 
self-thinning), rather than as a function of estimated tree growth rates17. Another difference among models is 
that regeneration events are generally more continuous in ED2 and LINKAGES than in LANDIS PRO. In ED2, 
regeneration of any plant functional type is not limited by environmental conditions or physiological attributes40. 
Regeneration events are more episodic in LINKAGES in that both physiological attributes and light conditions 
(e.g. inter-tree competitios for light) determine if a given species could regenerate in a plot19. A more continu-
ous regeneration modelling process could, at least partially, offset both decreasing gross growth in aging forests 
and carbon density loss due to mortality of large, old trees. That would result in a smother curve describing 
aboveground carbon density over time. Another difference among models in regeneration estimation method-
ologies is that LANDIS PRO explicitly tracks the age of cohorts17, while the other two models track diameter16,19. 
All three models have built-in conversions to infer diameter of an individual tree or cohort from age (for LANDIS 

Figure 3. Aboveground carbon density, net aboveground carbon density change, aboveground gross 
growth, and aboveground mortalityfrom 2010 to 2300 for the Central Hardwood Forest in the United 
States predicted by LINKAGES, ED2, and LANDIS PRO. Gray ribbons represent standard deviations among 
ecological subsections.
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PRO which tracks age), or to infer age of an individual tree or cohort from individual/cohort diameter (for ED2 
and LINKAGES that track tree diameter). However, ages in models that track diameter could be more likely dis-
torted along the course of simulation, resulting in a forest more diverse in structure. For instance, drought could 
reduce diameter increment, on one hand, severe reduction in diameter increment could trigger mortality; on the 
other hand, if drought is not severe enough to kill tree, smaller diameter increment would lead to underestimated 
age. Regeneration and mortality in more diverse forests could be less concentrated than those in forests with 
concentrated age distribution, thus reducing the fluctuation magnitudes of forest carbon dynamics. The overall 
decreasing aboveground carbon densities predicted by ED2 and LINKAGES were attributed to declines in early- 
and mid-successional species, despite increases in late-successional species. And declines in mid-successional 
species were major contributions in total aboveground carbon density declines for both models (Fig. 4).

It should be noted that this study only focused on dynamics of carbon stored in live, aboveground biomass. 
However, carbon is sequestered also in slowly decomposing dead organic matter in other carbon pools (e.g., 
soil and deadwood). The soil carbon pool has been shown to be able to slowly accumulate carbon in old-growth 
forests41. A study found that soil in a mature temperate forest (regrowing from agricultural abandonment in the 
late 19th century) in Massachusetts is still accumulating carbon, which accounts for 5–15% of the total ecosystem 
carbon sink42. Such deadwood carbon pools have the potential to partly offset carbon losses from the live carbon 
pool as trees that are predicted to die leave the live carbon pool and enter the deadwood carbon pool. Through 
decomposition, carbon in deadwood will leave the forest ecosystem and return back to the atmosphere, but for 
large trees this process takes years. However, in this modeling study when trees are predicted die the carbon in 
those trees is immediately excluded from the aboveground carbon density and no longer accounted for, which 
could underestimate carbon sink strength of the forest ecosystem.

Our multi-model ensemble provided an approach that helped to achieve consensus on a general pattern in for-
est aboveground carbon dynamics, and to highlight possible causes for differences. Our results, however, should 
be interpreted within the context of key assumptions of forest demographic processes. We focused on a baseline 
scenario that considered the effects of forest regrowth on aboveground carbon dynamics and did not include cli-
mate change or disturbance. Under climate change scenarios, average aboveground carbon density was expected 
to be lower than those under current climate in the CHF. And patterns of aboveground carbon density change 
would likely remain largely the same (e.g., year in which peak of carbon density predicted by LANDIS PRO occurs 
will not change much) if only climate change is considered. Furthermore, there could be some long-term forest 
composition changes under climate change scenarios43. We also purposely did not simulate major disturbances 
such as harvest or fire, which can be more influential drivers of aboveground carbon dynamics in temperate and 
boreal forests than climate change alone e.g.44–49. Disturbances could decrease the magnitude of the carbon sink 

Figure 4. Carbon density by species (LINKAGES and LANDIS PRO) and by plant functional types (ED2, 
LINKAGES, and LANDIS PRO) from 2010 to 2300 for the Central Hardwood Forest in the United States. 
Species assigned for each plant functional type can be found in Table 1.
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by preventing forest carbon density from reaching maximum capacity. Alternatively, disturbance could reduce 
the magnitude of a carbon source if it diversifies species composition, age, and size structure, because large, 
longevity-related mortality events like those illustrated with LANDIS PRO would be less likely. We also assumed 
that there was no land use change, and the total area of forest remained constant for the duration of all scenarios.

Although forest response to global change pressures, e.g., climate change, was not a focus of this study, there 
are insights into the role of demographic processes–specifically gross growth and mortality–on long-term 
aboveground carbon dynamics of temperate deciduous forests in the central United States. On one hand the 
simple, intermediate, and complex demographic approaches all agreed that the current CFH carbon sink would 
last at least to 2100. On the other hand, great uncertainties lie in the aboveground carbon dynamics beyond 
2100 after the current carbon sink diminishes, and the uncertainties are related to different assumptions and 
formulations in gross growth and mortality estimation. Despite uncertainties about forest dynamics after 2100, 
the models all agree that following roughly a century serving as a massive carbon sink, the forests of the Central 
Hardwood region abruptly become carbon neutral or a carbon source. We suggest that future model design and 
development should attempt to improve simulating longevity-related mortality and regeneration of short-lived, 
shade-intolerant species in order to reduce uncertainties in long-term aboveground carbon dynamics of tem-
perate deciduous forests. Future work should also examine how alternative management practices could alter 
projected patterns of carbon dynamics.

References
1. Reich, R. & Frelich, L. In Encyclopaedia of global environmental change 565–569 (Wiley, Chichester, 2003).
2. Thompson, J. R., Carpenter, D. N., Cogbill, C. V. & Foster, D. R. Four centuries of change in northeastern United States forests. PLoS 

ONE 8, e72540 (2013).
3. Pan, Y. et al. A large and persistent carbon sink in the world’s forests. Science 333, 988–993 (2011).
4. Pan, Y. et al. Age structure and disturbance legacy of North American forests. Biogeosciences 8, 715–732 (2011).
5. Williams, M. Americans and their forests: A historical geography. (Cambridge University Press, 1992).
6. Benac, D. & Flader, S. History of Missouri Forests in the Era of Exploitation and Conservation. 36–41 (U.S. Department of Agriculture, 

Forest Service, Southern Research Station, Asheville, NC, 2004).
7. Shifley, S. R. & Moser, W. K. Future forests of the northern United States 388 (U.S. Department of Agriculture, Forest Service, 

Northern Research Station, Newtown Square, PA, 2016).
8. Brandt, L. et al. Central Hardwoods ecosystem vulnerability assessment and synthesis: a report from the Central Hardwoods Climate 

Change Response Framework project 254 (U.S. Department of Agriculture, Forest Service, Northern Research Station, Newtown 
Square, PA, 2014).

9. Fahey, T. et al. The biogeochemistry of carbon at Hubbard Brook. Biogeochemistry 75, 109–176 (2005).
10. Bormann, F. H. & Likens, G. E. Pattern and process in a forested ecosystem 253 (Springer-Verlag, 1979).
11. Keeton, W. S., Whitman, A. A., McGee, G. C. & Goodale, C. L. Late-successional biomass development in northern hardwood-

conifer forests of the northeastern United States. Forest Science 57, 489–505 (2011).
12. Ziegler, S. S. A comparison of structural characteristics between old-growth and postfire second-growth hemlock-hardwood forests 

in Adirondack Park, New York, USA Global Ecology and Biogeography 9, 373–389 (2000).
13. Luyssaert, S. et al. Old-growth forests as global carbon sinks. Nature 455, 213–215 (2008).
14. Foster, J. R., D’Amato, A. W. & Bradford, J. B. Looking for age-related growth decline in natural forests: unexpected biomass patterns 

from tree rings and simulated mortality. Oecologia 175, 363–374 (2014).
15. Xu, C. Y. et al. Age-related decline of stand biomass accumulation is primarily due to mortality and not to reduction in NPP 

associated with individual tree physiology, tree growth or stand structure in a Quercus-dominated forest. Journal of Ecology 100, 
428–440 (2012).

16. Moorcroft, P. R., Hurtt, G. C. & Pacala, S. W. A method for scaling vegetation dynamics: The Ecosystem Demography Model (ED). 
Ecological Monographs 71, 557–585 (2001).

17. Wang, W. J. et al. LANDIS PRO: a landscape model that predicts forest composition and structure changes at regional scales. 
Ecography 37, 225–229; doi: 10.1111/j.1600-0587.2013.00495.x (2014).

18. Fraser, J. S., He, H. S., Shifley, S. R., Wang, W. J. & Thompson, F. R. Simulating stand-level harvest prescriptions across landscapes: 
LANDIS PRO harvest module design. Canadian Journal of Forest Research 43, 972–978 (2013).

19. Wullschleger, S., Gunderson, C., Tharp, M. L., West, D. & Post, W. In North American Temperate Deciduous Forest Responses to 
Changing Precipitation Regimes Vol. 166 Ecological Studies (ed. Hanson, P. & Wullschleger, S.) Ch. 25, 433–446 (Springer New York, 
2003).

20. Cheaib, A. et al. Climate change impacts on tree ranges: model intercomparison facilitates understanding and quantification of 
uncertainty. Ecology Letters 15, 533–544 (2012).

21. Pereira, H. M. et al. Scenarios for global biodiversity in the 21st century. Science 330, 1496–1501 (2010).
22. Keenan, T., Maria Serra, J., Lloret, F., Ninyerola, M. & Sabate, S. Predicting the future of forests in the Mediterranean under climate 

change, with niche- and process-based models: CO2 matters! Global Change Biology 17, 565–579 (2011).
23. Morin, X. & Thuiller, W. Comparing niche- and process-based models to reduce prediction uncertainty in species range shifts under 

climate change. Ecology 90, 1301–1313 (2009).
24. Hadden, D. & Grelle, A. Changing temperature response of respiration turns boreal forest from carbon sink into carbon source. 

Agricultural and Forest Meteorology 223, 30–38 (2016).
25. Kurz, W. A. et al. Mountain pine beetle and forest carbon feedback to climate change. Nature 452, 987–990 (2008).
26. McNab, W. H. et al. Description of ecological subregions: sections of the conterminous United States 80 (U.S. Department of 

Agriculture, Forest Service, Washington, DC, 2007).
27. O’Connell, B. M. et al. The Forest Inventory and Analysis Database: Database description and users manual version 5.1.6 for Phase 2 

(USDA Forest Service, 2013).
28. USDA. The Forest Inventory and Analysis Database: Database description and users manual version 5.1 for Phase 2 (USDA Forest 

Service, 2011).
29. Wang, W. J. et al. A framework for evaluating forest landscape model predictions using empirical data and knowledge. Environmental 

Modelling & Software 62, 230–239; doi: http://dx.doi.org/10.1016/j.envsoft.2014.09.003 (2014).
30. Jin, W., He, H. S. & Thompson III, F. R. Are more complex physiological models of forest ecosystems better choices for plot and 

regional predictions? Environmental Modelling & Software 75, 1–14 (2016).
31. Thompson, J. R., Foster, D. R., Scheller, R. & Kittredge, D. The influence of land use and climate change on forest biomass and 

composition in Massachusetts, USA. Ecological Applications 21, 2425–2444 (2011).
32. Odum, E. P. The strategy of ecosystem development. Science 164, 262–270 (1969).



www.nature.com/scientificreports/

9Scientific RepoRts | 7:41821 | DOI: 10.1038/srep41821

33. Whittaker, R. H. & Marks, P. L. In Primary productivity of the Biosphere (ed. Leith, H. & Whittaker, R.) 55–118 (Springer-Verlag, 
1975).

34. Jenkins, J. C., Birdsey, R. A. & Pan, Y. Biomass and NPP Estimation for the Mid-Atlantic Region (USA) Using Plot-Level Forest 
Inventory Data. Ecological Applications 11, 1174–1193 (2001).

35. Hurtt, G. C. et al. Projecting the future of the U.S. carbon sink. Proceedings of the National Academy of Sciences 99, 1389–1394 
(2002).

36. Horn, H. S. The ecology of secondary succession. Annual review of ecology and systematics 25–37 (1974).
37. Oliver, C. D. & Larson, B. C. Forest Stand Dynamics. (John Wiley & Sons, Inc., 1996).
38. Sano, J. Age and size distribution in a long-term forest dynamics. Forest Ecology and Management 92, 39–44 (1997).
39. Hett, J. M. & Loucks, O. L. Age structure models of balsam fir and eastern hemlock. Journal of Ecology 64, 1029–1044 (1976).
40. Medvigy, D., Wofsy, S. C., Munger, J. W., Hollinger, D. Y. & Moorcroft, P. R. Mechanistic scaling of ecosystem function and dynamics 

in space and time: Ecosystem Demography model version 2. J. Geophys. Res. 114, G01002 (2009).
41. Zhou, G. et al. Old-growth forests can accumulate carbon in soils. Science 314, 1417; doi: 10.1126/science.1130168 (2006).
42. Gaudinski, J. B., Trumbore, S. E., Davidson, E. A. & Zheng, S. Soil carbon cycling in a temperate forest: radiocarbon-based estimates 

of residence times, sequestration rates and partitioning of fluxes. Biogeochemistry 51, 33–69; doi: 10.1023/a:1006301010014 (2000).
43. Wang, W. J. et al. Importance of succession, harvest, and climate change in determining future composition in U.S. Central 

Hardwood Forests. Ecosphere 6, 1–18, doi: 10.1890/es15-00238.1 (2015).
44. Girardin, M. P. & Mudelsee, M. Past and future changes in Canadian boreal wildfire activity. Ecological Applications 18, 391–406 

(2008).
45. Kurz, W. A., Stinson, G. & Rampley, G. Could increased boreal forest ecosystem productivity offset carbon losses from increased 

disturbances? Phil. Trans. R. Soc. B. Biol. Sci. 363, 2261–2269 (2008).
46. Gustafson, E. J., Shvidenko, A. Z., Sturtevant, B. R. & Scheller, R. M. Predicting global change effects on forest biomass and 

composition in south-central Siberia. Ecological Applications 20, 700–715 (2010).
47. Li, X., He, H. S., Wu, Z., Liang, Y. & Schneiderman, J. E. Comparing effects of climate warming, fire, and timber harvesting on a 

boreal forest landscape in northeastern China. PLoS ONE 8, e59747 (2013).
48. Loudermilk, E. L. et al. Carbon dynamics in the future forest: the importance of long-term successional legacy and climate–fire 

interactions. Global Change Biology 19, 3502–3515 (2013).
49. Wang, W. J., He, H. S., Thompson, F. R., III, Fraser, J. S. & Dijak, W. D. Landscape- and regional-scale shifts in forest composition 

under climate change in the Central Hardwood Region of the United States. Landscape Ecology 1–15 (2015).

Acknowledgements
Funding for this work was provided by a Department of Interior Northeast Climate Science Center graduate 
fellowship, the University of Missouri GIS Mission Enhancement Program, and the USDA Forest Service 
Northern Research Station. We extend our gratitude to David Larsen for providing comments and to Ke Zhang, 
Jeffrey Schneiderman, and Michael Sunde for their technical support. And we thank two anonymous reviewers 
for their valuable comments and suggestions.

Author Contributions
W.J. and H.S.H. designed the study; W.J. performed simulations and analyses; J.S.F., B.B.H., and W.D.D. 
contributed to modification and parameterizations of LINKAGES; W.J.W. contributed to LANDIS 
parameterizations; W.J., H.S.H., F.R.T., W.J.W., and S.R.S. contributed to the writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Jin, W. et al. Future forest aboveground carbon dynamics in the central United States: 
the importance of forest demographic processes. Sci. Rep. 7, 41821; doi: 10.1038/srep41821 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Future forest aboveground carbon dynamics in the central United States: the importance of forest demographic processes
	Methods
	Study area. 
	Forest Inventory and Analysis (FIA) data. 
	Model calibration and validation. 
	Design of simulation. 

	Results
	Model validation. 
	Trajectories of carbon dynamics. 

	Discussion
	Acknowledgements
	Author Contributions
	Figure 1.  Distribution of the Central Hardwood Forest in the United States.
	Figure 2.  Comparisons of aboveground carbon densities of all plant functional types, early, mid, and late-successional deciduous trees, pines predicted by LINKAGES, ED2, and LANDIS PRO (all simulations were initialized with 1980 FIA data) with carb
	Figure 3.  Aboveground carbon density, net aboveground carbon density change, aboveground gross growth, and aboveground mortalityfrom 2010 to 2300 for the Central Hardwood Forest in the United States predicted by LINKAGES, ED2, and LANDIS PRO.
	Figure 4.  Carbon density by species (LINKAGES and LANDIS PRO) and by plant functional types (ED2, LINKAGES, and LANDIS PRO) from 2010 to 2300 for the Central Hardwood Forest in the United States.
	Table 1.   20 tree species and the corresponding 4 plant functional types included in this study.



 
    
       
          application/pdf
          
             
                Future forest aboveground carbon dynamics in the central United States: the importance of forest demographic processes
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41821
            
         
          
             
                Wenchi Jin
                Hong S. He
                Frank R. Thompson
                Wen J. Wang
                Jacob S. Fraser
                Stephen R. Shifley
                Brice B. Hanberry
                William D. Dijak
            
         
          doi:10.1038/srep41821
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep41821
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep41821
            
         
      
       
          
          
          
             
                doi:10.1038/srep41821
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41821
            
         
          
          
      
       
       
          True
      
   




