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Expanding and restoring forests decreases atmospheric carbon dioxide, a natural

solution for helping mitigate climate change. However, forests also have relatively low

albedo compared to grass and croplands, which increases the amount of solar energy

they absorb into the climate system. An alternative natural climate solution is to replace

fossil fuels with bioenergy. Bioenergy crops such as switchgrass have higher albedo than

forest ecosystems but absorb less total carbon over their lifetime. To evaluate trade-offs

in themitigation potential by pine and switchgrass ecosystems, we used eddy covariance

net ecosystem exchange and albedo observations collected from planted pine forests

and switchgrass fields in eastern North America and Canada to compare the net radiative

forcing of these two ecosystems over the length of typical pine rotation (30 years). We

found that pine had a net positive radiative forcing (warming) of 5.4 ± 2.8 Wm−2 when

albedo and carbon were combined together (30 year mean). However the assumptions

regarding the fate of harvested carbon had an important effect on the net radiative

forcing. When we assumed all switchgrass carbon was emitted to the atmosphere while

the harvested pine carbon was prevented from entering the atmosphere, the 30-year

mean net radiative forcing reversed direction (−3.6 ± 2.8 Wm−2). Overall, while the

pine ecosystem absorbed more carbon than the switchgrass, the difference in albedo

was large enough to result in similar climate mitigation potential at the 30-year horizon

between the two systems, whereby the direction and magnitude of radiative forcing

depends on the fate of harvested carbon.

Keywords: loblolly pine, switchgrass, radiative forcing, natural climate solutions, land cover change

1. INTRODUCTION

Establishing and protecting forests contributes to natural climate solutions (NCS) by maintaining
carbon stored in forest biomass and removing carbon dioxide (CO2) from the atmosphere through
growth (Pacala, 2004; Bastin et al., 2019; Hemes et al., 2021). However, forests have a lower albedo
than alternative land-cover types, such as agriculture or grasslands, which increases the amount
of radiation absorbed at the surface (Jackson et al., 2008; Anderson et al., 2011). Depending on
the location, the lower albedo associated with a forested land-cover can offset the climate benefit
provided by sequestered carbon (Betts, 2000; Bala et al., 2007; Bonan, 2008). This is especially
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pronounced at high latitudes where there is a large discrepancy
in albedo between a tall, dark forest and a short crop or grassland
covered by snow from the late fall through early spring. In
temperate latitudes, the albedo difference is less pronounced
because snow cover is less frequent (Betts, 2000). As a result,
the albedo influence on the radiative energy balance can be
similar to the carbon influence (O’Halloran et al., 2012). Land-
cover change can also indirectly influence climate by altering
evapotransipration and cloud cover (Bala et al., 2007; Ahlswede
and Thomas, 2017). Simulated changes in cloud fields linked
to land cover change can manifest at great distances downwind
in the atmosphere, and are highly model-dependent, making
attribution a challenge (Devaraju et al., 2018). Albedo radiative
forcing exhibits a global climate sensitivity similar to carbon
dioxide (Davin and de Noblet-Ducoudré, 2010). Therefore, to
estimate the climate benefits of land-cover and land-management
decisions in the temperate region, it is critical to quantify
the combined impact of the change in carbon and albedo
on global climate.

An alternative NCS to establishing forests for carbon
absorption and storage is replacing fossil fuel energy sources
with a dedicated bioenergy crop. The above-ground biomass of
a bioenergy crop is burned after harvesting for energy and, if
below-ground biomass increases carbon accumulated in the soil,
there is a net removal of CO2 from the atmosphere (Anderson-
Teixeira and DeLucia, 2011). Crops and grasses, including
perennial bioenergy crops such as Miscanthus x giganteus and
switchgrass (Panicum virgatum), also have higher albedo values
than forests (Bonan, 2008; Miller et al., 2016; Abraha et al., 2021).
The direct effect of the higher albedo of perennial bioenergy crops
on the atmospheric radiation balance can be large. One study
found it to be six times larger than the offset of fossil fuel use
(Georgescu et al., 2011). However, it is unknown how the net
climate benefits of forests, with high productivity and potential
for long-term carbon storage in wood, compare with high-albedo
bioenergy crops.

Using observations of net carbon fluxes and albedo from eddy
covariance (EC) sites, we compare the influence of managed pine
stands to managed bioenergy crop fields on global climate using
the radiative forcing metric (Hansen et al., 1997). We focus on
comparing a pine plantation with a switchgrass field because
they are managed ecosystems with overlapping natural ranges.
In the Southeastern United States (SEUS), pine plantations are
most commonly planted with loblolly pine, a wide-spread fast-
growing native species that can be used for timber or bioenergy
(Wear and Greis, 2013). A typical rotation length for a southern
pine plantation is between 25 and 35 years (Stanturf et al., 2003;
Fox et al., 2007; Wear and Greis, 2013). Switchgrass is a native,
C4, perennial grass species that has emerged as a promising
bioenergy feedstock with high expected yields for the SEUS
(McLaughlin and Adams Kszos, 2005; Parrish and Fike, 2005;
Wullschleger et al., 2010). Both species are reported to perform
well on marginal lands and can even be inter-cropped (Albaugh
et al., 2014). Unlike a pine plantation that is harvested at the
end of the rotation with possible thinning at intermediate ages,
switchgrass is typically harvested at least once per year. Therefore,
including the entire cycle of establishment and harvest for both
systems is critical for a robust comparison of radiative forcing.

Here we ask, (1) which ecosystem (pine plantation or
bioenergy switchgrass crop) has a lower radiative forcing over a
typical pine rotation and (2) how do assumptions about the fate
of harvested carbon influence the conclusions? To address these
questions, we combined new observations from central Virginia
with published data from EC sites in the Eastern U.S. and Canada
to model the relationship between age since establishment, net
carbon storage (defined using net ecosystem exchange; NEE),
and albedo. The age vs. albedo and NEE relationships were
used with an established method for calculating relative forcing
(Kirschbaum et al., 2011) over a 30-year time horizon that
includes one complete harvest rotation of a southern pine
plantation (a typical rotation length for the region) and annual
harvests of switchgrass.

2. METHODS AND MATERIALS

We describe our new eddy-covariance site and data processing,
the synthesis of data from existing eddy-covariance sites, the
development of the NEE and albedo age curves over a full
rotation for the pine plantation and switchgrass fields, and
the modeling of radiative forcing. Throughout, we use the
atmospheric sign convention for NEE, whereby negative NEE
corresponds to transfer of carbon from the atmosphere into
the ecosystem.

2.1. New Eddy-Covariance Measurements
2.1.1. Site Description

This study uses data collected from three co-located eddy
covariance towers located in Amherst county in central Virginia.
The climate of this region is humid subtropical (Köppen climate
classification Cfa), with warm humid summers and cool mild
winters. The first tower (AmeriFlux designation: US-SB1, Pine
hereafter) was installed over a mixed age loblolly pine plantation
and began measurements May 6th, 2015. The pine tower is
located at 37.57342 N, −79.08482 W, elevation 242 m, with a
mixture of Clifford loam and Clifford clay loam soils in the fetch.
The second tower (US-SB2, Grass hereafter) was installed over a
switchgrass field that was harvested annually for bioenergy and
began measurements March 26th, 2016 (Ahlswede et al., 2022).
The grass tower is located at 37.5605 N, −79.0884 W, elevation
240 m, with a mixture of Clifford clay loam and wintergreen
clay loam soils in the fetch. The third tower (US-SB3, Clearcut
hereafter) was installed over a clear-cut loblolly pine stand that
was harvested and removed in late 2017; measurements began
March 28th, 2018. The clearcut tower is located at 37.5753 N,
−79.0872 W, elevation 242 m, with Clifford loam soils in the
fetch. These three towers were within 1.6 km of each other,
ensuring that each system share weather conditions and soil
characteristics. Mean annual temperature and precipitation for
Amherst county between 1990 and 2020 is 13.1 ◦C, 1,210 mm
(Vose et al., 2014).

2.1.2. Measurement of Carbon and Albedo

Each site was equipped to measure meteorological data and an
eddy covariance system to measure CO2 and water fluxes. Each
tower measured incoming and outgoing shortwave radiation
with a CNR4 four-way net radiometer (Model CNR4, Kipp and
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Zonen). The CNR4 of the pine tower was 26 m above ground
level, 4–6 m above the upper canopy (20–22 m in height). At the
clearcut and grass towers, instruments were mounted on a tripod
tower, with the CNR4 at a height of 4 m and extended away from
the tower base to avoid non-vegetation in the instrument’s field
of view. Meteorological sensors were sampled every one second
and 1 min averages were stored on a data logger (Model XLite
9210, Sutron).

Each tower was equipped with an eddy covariance (EC)
system that was used to measure the flux of CO2. Gas
concentrations were measured with a closed-path infrared gas
analyzer (LI-7200, Licor) at the pine and grass towers at
26 and 4 m, respectively. The clearcut tower was equipped
with an open-path infrared gas analyzer (LI-7500, Licor)
4 m above ground level. Each tower had a 3D sonic
anemometer (WindMaster, Gill Instruments) co-located with the
gas analyzer based on manufacturer recommendations. Data
were collected continuously at 10 Hz and averaged to 30 min
time intervals using EddyPro version 6.2.2 (LI-COR Inc., 2019).
We implemented the EddyPro default double-rotation method
to account for tilt in the anemometer as the terrain surrounding
the towers is not complex, a block average detrending method,
and compensation for density fluctuations. Quality checks were
performed according to (Foken et al., 2004). Raw data were
screened for spikes, amplitude resolution, drop-outs, absolute
limits, skewness, and kurtosis (Vickers and Mahrt, 1997).
Footprint estimation was performed according to Kljun et al.
(2004). Because this footprint model is dependent on canopy
height, we supplied a dynamic height file to the EddyPro software
that describes the rapidly changing height of the switchgrass.
Height was determined by visually inspecting PhenoCam images
(Seyednasrollah et al., 2019), using a vertical PVC pipe in the
field, marked every 10 cm from the ground up to 2 m. We
did not include an angle of attack correction, as the available
correction includes an artificial inflation of the vertical wind
measurement (LI-COR Inc., 2019). The anemometer at the pine
tower is subject to the w-boost issue that artificially inflating
fluxes by approximately 20%.We used the approach in Billesbach
et al. (2019a) to correct the raw data for the inflation.

We applied a friction velocity filtering routine to remove data
with inadequate turbulence. We determined the friction velocity
threshold by examining the relationship between friction velocity
and net ecosystem exchange (NEE) fluxes as in Papale et al. (2006)
using the REddyProc R-package (version 1.2) (Wutzler et al.,
2018) for all three towers independently and filtered out data
that fell below this threshold. We also filtered out observations
that came from a direction or distance that did not represent the
specific ecosystem.

In order to obtain annual and seasonal totals of
NEE, we filled the gaps resulting from measurement
interruptions or filtering with modeled values using the
REddyProc R-package (version 1.2) marginal distribution
sampling algorithm (Reichstein et al., 2005; Wutzler
et al., 2018), a widely-used approach. This method fills
data gaps by leveraging the co-variation of fluxes with
meteorological variables and the temporal auto-correlation
with time of day.

Albedo (α) at the three sites was calculated as the ratio of mid-
day (11:00–13:00) outgoing (So) and incoming (Si) shortwave
radiation and aggregated to the monthly time step.

α =
So

Si
(1)

2.2. Modeling Carbon and Albedo
To create a model describing how albedo and NEE changes
with age for both ecosystem types we combined the Virginia
site observations with published and publicly available EC and
albedo data of pine and switchgrass ecosystems. Annual NEE
values for southern pine stands were gathered from the literature,
i.e., Bracho et al. (2012) and Bracho et al. (2018). Annual NEE
values were available for switchgrass in the eastern United States
and southern Canada from Skinner and Adler (2010), Zeri et al.
(2011), Abraha et al. (2016) and Eichelmann et al. (2016). Annual
albedo values for pine were obtained from this study and publicly
available data on the Ameriflux repository from Oishi et al.
(2018), Noormets et al. (2022), Noormets (2022) and calculated
using Equation (1). Albedo values for grass were obtained from
Billesbach et al. (2019b); Miller et al. (2016) and this study.
We determined the age of the annual albedo and NEE values
from reported ages where given, and by taking the difference
between reported year of observation and year of establishment.
We restricted our analysis to only include measurements in the
first 30 years since establishment, a realistic harvesting age for a
loblolly pine stand (Fox et al., 2007).

First, we modeled the relationship between NEE and age in
both systems using a three parameter Michelis-Menten equation
that included an intercept.

Cp,g
= a

p,g
c + (b

p,g
c − a

p,g
c )×

(

age

age+ h
p,g
c

)

+ ǫ (2)

where C is the NEE of the ecosystem, ac is the intercept, bc
is the saturation value, and hc is the age at half saturation.
Superscripts p and g reference ecosystem (p = pine, g = grass).
Second, we modeled albedo with a three parameter asymptotic
relationship for pine ecosystems, where aα is the intercept, bα is
the asymptote, and bα is proportional to the rate of increase or
decrease.

αp
= aα + (bα − aα)× (1− e−agep/cα )+ ǫ (3)

Finally, albedo was modeled as a constant for the switchgrass
ecosystem,

αg
= Iα + ǫ (4)

Each model included normally distributed random error (ǫ) with
a mean of zero and independently estimated standard deviation
for each model.

All four models were fit using a Bayesian framework with
non-informative priors. The rjags package (Plummer, 2019)
was used to generate the joint posterior distributions of the
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parameters. We ran three chains for 10,000 iterations with a
1,000 iterative burn-in and evaluated convergence using the
Gelman, Rubin, and Brooks convergence diagnostic (Gelman and
Rubin, 1992). Parameter estimates, 90% credible interval and
the coefficient of determination of each model can be found in
Supplementary Table 1. To generate posterior predictions, we
generated 5,000 samples from the joint posterior distribution
of the parameters, calculated the NEE and albedo annually at
each age using each sample, and added randomly distributed
noise based using the σ parameter associated with each model.
However, radiative forcing from an albedo change is ideally
calculated monthly (Bright et al., 2015). To generate monthly
predictions of albedo, we calculated the average observed
deviation of each month from the annual mean and applied this
bias to the annual predictions described above. Each set of 5,000-
sample time series for NEE and albedo was used to calculate
the 95% predictive intervals (thus including both parameter
uncertainty and residual error represented by ǫ) and used in the
radiative forcing calculations described below.

2.3. Radiative Forcing
2.3.1. Albedo

We calculated radiative forcing using the approach described in
Kirschbaum et al. (2011).

The radiative forcing from albedo first required calculating the
change in albedo at the monthly scale:

1α(i,m) = αp(i,m)− αg(i,m) (5)

where αp is the albedo of the pine stand, and αg is the albedo of
the grass field, i is the year, and m is the month.

The annual radiative forcing from a change in albedo was
calculated as:

1Fα(i) =

∑m=12
m=1 K(m)1α(i,m)

12
(6)

where K(m) is the monthly change in shortwave absorption
resulting from a 100% change in albedo. We extracted K(m)
for the Virginia site from a gridded global radiative kernel
product (Bright and O’Halloran, 2019). This product is a
monthly assessment of the maximum radiative forcing resulting
from a change in surface albedo, derived from remote sensing
observations and serves as an alternative to radiative transfer
models in global climate models. The kernel has been applied in
other studies to calculate the albedo radiative forcing generated
by, e.g., hydro-power reservoirs, bioenergy plantations, and
boreal vegetation shifts under climate change (Sieber et al., 2020;
Webb et al., 2021; Wohlfahrt et al., 2021).

2.3.2. Carbon

The radiative forcing of a carbon change from one square meter
of ground was calculated using:

1Fc(i) = 5.35× ln

(

1+
1C(i)/2

400× 21.3414

)

× 5113 (7)

where 1C(i) is the change in carbon balance between the pine
and grass systems for year i, “21.3414” is the weight in grams of

1 ppm of carbon calculated from first principles, “5113 (m−2)”
is the surface area of the earth, 400 ppm is used as a baseline
CO2 concentration, “5.35” (Wm−2) is conversion factor that
converts from CO2 ppm units to radiative forcing (Betts, 2000;
Kirschbaum et al., 2011; O’Halloran et al., 2012). We reduced
1C(i) by a factor of 2, roughly estimating the amount of released
carbon that remains in the atmosphere annually (Cavallaro et al.,
2018).

2.4. Sensitivity to Fate of Harvest
In managed ecosystems, harvested biomass represents a
horizontal movement of carbon not observed by the eddy
covariance systems. Depending on the magnitude, the loss of
carbon via harvesting may entirely offset the gains of carbon
from photosynthesis. To place logical bounds on how the fate
of the harvested carbon influences the difference in climate
benefits, we used four scenarios to test the assumptions about
the fate of harvested carbon. Scenario A assumed that none of
the harvested carbon from either ecosystem is emitted to the
atmosphere. Scenario B assumed that all of the harvested pine
carbon is emitted to the atmosphere, but none of the harvested
switchgrass carbon is emitted. Scenario C assumed that all of
the harvested switchgrass carbon is emitted to the atmosphere,
but none of the harvested pine carbon is emitted. Scenario D
assumed that all of the harvested carbon from both ecosystems is
emitted to the atmosphere. By analyzing the bounds, it allows a
realistic harvest (i.e., only a fraction of the pine is immediately
burned, etc.) between our four scenarios.

The scenarios required estimates for harvested carbon from
each ecosystem. Yields for both pine and switchgrass are
highly variable in time and space (Parrish and Fike, 2005; Fox
et al., 2007; Wear and Greis, 2013). Therefore we assume that
yields cannot be predicted from NEE and instead used average
expected yields for both ecosystems from literature values. For
switchgrass, we used an average reported yield of 870 gm−2yr−1

(Wullschleger et al., 2010), assumed a carbon content of 42%
(Eichelmann et al., 2016), which converts to 365.4 gC m−2 yr−1.
We applied this harvest value to each non-establishment year
of our simulated switchgrass field (excludes year 1,11, and 21
where the field is reestablished) resulting in 9,855 gC m−2 total
harvested carbon. In the pine ecosystem of we assumed dry yields
of 897 gm−2 yr−1 as reported in Stanturf et al. (2003), assumed
a 50% carbon content (Chapin et al., 2011), which converts to
448.3 gC m−2 yr−1. This value was applied for each year of
the simulated pine stand, except for the pre-establishment year
(excludes year 1) for a total of 12,992 gCm−2 of harvested carbon.
Together, these two values result in a 105 gC m−2 yr−1 difference
in average annual yields between the pine and switchgrass.

3. RESULTS

3.1. Observed Albedo and NEE at New
Virginia Site
At the Virginia three-tower site, the mean annual NEE in the
27–30 year old loblolly pine plantation over the 4-years of
measurements was −896 gC m−2 yr−1 with a range of −659 to
−1,014 gC m−2 yr−1 (Table 1). The mean annual NEE in the
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TABLE 1 | Average annual net ecosystem exchange (NEE; gC m−2 yr−1), albedo

(unit-less), friction velocity threshold (u*; s/m), and percent missing data for the

pine, grass, and clearcut eddy covariance towers at Sweet Briar College.

2015 2016 2017 2018 2019 2020

Loblolly Pine (US-SB1)

Albedo 0.11 0.12 0.11 0.10

NEE −659 −1014 −915 −995

u* 0.154 0.113 0.140 0.150

% missing data 41.8 33.5 37.5 35.9

Switchgrass (US-SB2)

Albedo 0.21 0.20 0.21 0.19 0.19

NEE 201 −74 113 −266 421

u* 0.099 0.103 0.114 0.100 0.104

% missing data 31.8 29.9 43.9 26.1 30.7

Clearcut (US-SB3)

Albedo 0.19

NEE 658

u* 0.186

% missing data 32.6

The term u* is used in micrometeorolgy to denote friction velocity.

3–7 year old Switchgrass field was −79 gC m−2 yr−1 for the 5-
years of measurement. The switchgrass included three years with
positive NEE, where the switchgrass field was a source of carbon
to the atmosphere. The single year of measurement at the clearcut
site (representing a 0 aged pine plantation) was a carbon source,
releasing 658 gC m−2 yr−1 to the atmosphere (Table 1).

The pine plantation had lower albedo than both grass and
clearcut. The average albedo at the pine stand was 0.1 darker than
the grass and clearcut (Table 1).

3.2. Models of Albedo and NEE Through
Ecosystem Development
Combining the annual NEE measurements from our Virginia
pine plantation with published values revealed a clear saturating
relationship with stand age. The pine plantations released carbon
for the first 5 years before becoming a carbon sink as the stand
continues to mature to a typical rotation length of 30-years.
Based on the modeled relationship, the pine plantations initially
released 1041± 268 gCm−2 yr−1 to the atmosphere. Productivity
increased quickly and the pine plantation was neutral by year 5
(Figure 1A). Productivity continued to increase each year but the
rate of increase slowed over time. In year 30, pine NEE reaches it’s
minimum at−910± 237 gC m−2 yr−1.

In contrast to the pine plantation, the modeled switchgrass
field quickly became a net sink of CO2 after establishment
(Figure 1B). One key outlier was the Virginia site where
switchgrass was a source in multiple years following
establishment (Ahlswede et al., 2022). Minimum NEE was
only−355± 263 gC m−2 yr−1.

For the purpose of modeling radiative forcing, we extended
the switchgrass NEE model to age 10 and then repeated three
times to provide a 30-year cycle that can be compared to the pine
ecosystem’s 30-year rotation. From the NEE models (Eq: 2), the
pine plantation accumulated 16242± 1899 gCm−2 over 30-years,

while the simulated switchgrass field accumulated 6671 ± 1962
gC m−2.

Similar to NEE in the pine plantation, albedo showed a clear
saturating relationship with age. The age 0 stand (i.e., the year
following the harvest) had an albedo of 0.17± 0.008 (Figure 2A).
As the canopy closed, albedo declined quickly and reached half
saturation at year 5. By year 20, albedo was nearly constant
through age 30 at a value of 0.11± 0.007.

Switchgrass albedo within site showed no distinct age
relationship (Figure 2B). Furthermore, the albedo was similar
to the clearcut site with limited vegetation, indicating that the
albedo of a newly established switchgrass field with limited
vegetation would likely have similar albedo to a more mature
switchgrass field. Therefore, we modeled the switchgrass field
as constant through age with a mean of 0.19 ± 0.02. The wide
predictive intervals reflect the variability of albedo between sites,
likely due to differences in soil properties.

3.3. Radiative Forcing
Using the modeled albedo and NEE, we calculated the annual
radiative forcing difference between a pine plantation and a
switchgrass field. In our analysis, positive numbers indicate that
the pine plantation increases energy at the top of the atmosphere.
At the ecosystem scale (not including harvested carbon), the
initial losses of carbon from pine plantation and the rapid growth
of the switchgrass field resulted in a positive radiative forcing
from the carbon balance (1Fc ) for the first 13 years, peaking in
year 6 at 3.7 ± 1.8 Wm−2 (Figure 3). The 1Fc became negative
in year 14 and continued to decline to −15.7 ± 4.9Wm−2 at the
end of the 30 year period.

The modeled pine plantation was darker than the modeled
switchgrass at all ages. As a result, the radiative forcing from
a change in albedo (1Fα) was always positive over the 30-year
rotation. However, this difference was minimal in ages 0 through
5 as the higher albedo clearcut transitioned to a closed canopy
forest (Figure 2). 1Fα in the first year was 0.7 ± 2.8Wm−2 and
grew to a maximum in year 30 of 10.5± 2.7Wm−2 (Figure 3).

The total radiative forcing (1Fnet ) was increasingly positive
early in the times series, but this effect reduced as carbon
accumulated in the pine plantation (Figure 3). The 1Fnet in
year 1 was 1.8 ± 2.9 Wm−2, and reached the maximum in year
10 at 11.6 ± 3.6 Wm−2. In year 25, 1Fα and 1Fc offset each
other, resulting in 1Fnet centered at −0.3 ± 4.9 Wm−2. The
average annual radiative forcing (1Fnet ) over the 30-year period
was positive 5.3 ± 2.8 Wm−2yr−1. Based on the propagation of
uncertainty derived from the Bayesian analysis, the probability
of the radiative forcing being greater than 0 Wm−2 was 97.2%.
This indicates that, assuming all harvested carbon not measured
by the EC systems was stored (Scenario A), the negative forcing
from NEP in the mature pine stand was not large enough to
compensate for the loss of carbon at younger ages and the lower
albedo of the pine forest (Figure 4A).

3.4. Sensitivity of Radiative Forcing to Fate
of Harvest
We examined the sensitivity of 1Fc and 1Fnet to assumptions
about the fate of the harvested carbon by assuming two
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FIGURE 1 | Annual net ecosystem exchange (NEE) for (A) Loblolly pine and (B) Switchgrass over a 30-year and 10-year rotation, respectively. Points represent

annual NEE reported from this study and published values using eddy-covariance measurements. The black line represents the mean for the modeled fit. The gray

shaded region represent the 95% predictive interval. Data are from this study and (Clark et al., 2004; Skinner and Adler, 2010; Zeri et al., 2011; Bracho et al., 2012;

Eichelmann et al., 2016; Abraha et al., 2018) the way this is displayed implies that the data are from the cited paper.

FIGURE 2 | Albedo for (A) loblolly pine and (B) switchgrass over a 30-year and 10-year rotation, respectively. Points represent annual average albedo calculated from

our site and publicly available data through Ameriflux. The black line represents the mean for the modeled fit. The gray shaded region represent the 95% predictive

interval. Data are from this study and (Miller et al., 2016; Oishi et al., 2018; Billesbach et al., 2019b; Noormets et al., 2022; Noormets, 2022) the way this is displayed

implies that the data are from the cited paper.

extremes—either all harvested carbon (using literature derived
estimates as described in the methods) returns to the atmosphere
during the 30-year analysis period (complete combustion)

or none of the harvested carbon returns to the atmosphere
(complete storage). Scenario A where both systems are treated as
complete storage, is reported above. In Scenario B, we assumed
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FIGURE 3 | Modeled annual radiative forcing created by planting a pine forest

relative to a switchgrass field in terms of carbon balance, albedo, and their

sum. Positive values indicate that loblolly pine has a warming effect when

compared to switchgrass while negative values indicate that pine has a

cooling effect when compared to switchgrass. The ribbon indicates the 95%

predictive interval. Scenario A is used for this estimation, where all carbon from

both ecosystems is stored.

FIGURE 4 | Radiative forcing (RF) from a change in land-cover over a 30 year

period where; (A) No harvested carbon returns to the atmosphere, (B) only the

pine harvest returns to the atmosphere, (C) only the grass harvest returns to

the atmosphere, and (D) where harvested carbon from both systems enters

the atmosphere. Here, positive values indicate that the pine system has a

warming effect on climate compared to switchgrass, and negative values

mean that the pine system has a cooling effect. Points represent the mean

values, lines represent the 95% predictive interval, and the violin plots show

the shape of the underlying distribution.

that all of the harvested pine carbon returned to the atmosphere
while the switchgrass carbon was stored. This scenario resulted
in a large positive 1Fc of 8.7 ± 2.7 Wm−2 and 1Fnet of
17.2 ± 2.8 Wm−2 (Figure 4B). In Scenario C, we assumed that

none of the pine carbon returned to the atmosphere, and all
of the switchgrass carbon returned over the 30-year analysis
period. This scenario resulted in lower 1Fc, -12.1 ± 2.7 Wm−2

(Figure 4C). As a result the 1Fnet reversed direction (−3.6 ±

2.8Wm−2) but the probability of 1Fnet being greater than zero
was 10.2%. Finally, in Scenario D, we assumed that all harvested
carbon from both systems was returned to the atmosphere during
the 30-year period. In this scenario, the literature-derived average
annual yields were very similar for the pine plantation (448
gC m−2 yr−1), and switchgrass (365 gC m−2 yr−1). Therefore the
offsetting yields lead to similar results to Scenario A (Figure 4).
The average 1Fc was −0.3 ± 2.7 Wm−2 and the average 1Fnet
was 8.2± 2.8Wm−2. The probability of1Fnet being greater than
zero in this scenario was 99.8%.

4. DISCUSSION

We compared the climate mitigation potential of two ecosystems
in the mid-latitudes of the eastern U.S using the radiative
forcing metric. First, we found that the radiative forcing from
albedo and carbon associated with the establishment of a pine
plantation rather than a switchgrass field were on the same
order of magnitude and that the pine had a slightly net
positive (warming) radiative forcing when averaged over the 30-
year analysis time horizon. This finding is the result of site-
level observations of NEE and albedo from eddy-covariance
studies across eastern North America, including observations
from a newly established cluster of towers with co-located
pine, switchgrass, and clear-cut systems. Therefore, (1) our
results are not specific to a single location, (2) our results
include the temporal dynamics of NEE and albedo following
the establishment of the managed ecosystem, and (3) the carbon
radiative forcing includes both the gains of carbon through
photosynthesis and the loss of carbon through autotrophic and
heterotrophic respiration.

Second, we found that the fate of harvested carbon influenced
the direction the overall climate forcing, whereby the slight
positive radiative forcing when only considering NEE and albedo
measurement either increased in magnitude or changed sign
when considering harvest fate. Specifically, we examined the
end members for the potential fate of harvested carbon, where
we assumed that all of the carbon from either loblolly pine
or switchgrass was released back into the atmosphere or held
in storage over the 30-year analysis horizon. The combined
30-year mean radiative forcing was negative (i.e., net cooling
by the pine plantation) in only one of the scenarios, where
switchgrass harvested carbon was returned to the atmosphere
(e.g., bioenergy combustion) and pine harvested carbon was
stored (e.g., in wood structures) (Figure 4C). Within that
scenario 10.2% of the realizations had a net positive 1Fnet ,
resulting from uncertainty in the NEP and albedo relationships.
Overall, this highlights the importance of managing the fate
of harvested carbon after it is removed from the field. In
addition, it illustrates the strength of the radiative forcing from
a change in albedo, even in lower latitude ecosystems. Future
work can (1) refine the literature values used for harvested
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carbon to evaluate whether management to increase productivity
and harvested carbon can alter the balance between (1Fc) and
(1Fα), (2) evaluate how the offset of fossil fuel combustion
through the use of harvested carbon as bioenergy influences
the net radiative forcing outcome and (3) investigate how
ecosystems can be managed for albedo in addition to carbon
climate benefits.

Our results may be sensitive to some assumptions embedded
in the construction of the 30-year albedo and NEE time series.
First, our study assumes that the switchgrass field had a 10-
year rotation before it was replanted, resulting in three 10-
year rotations to compare with a 30-year pine rotation. Ideally,
we would explore the implications of longer periods between
switchgrass plantings, as switchgrass can remain productive for
over 20 years (Parrish and Fike, 2005). However, we could not
find any published studies examining the carbon balance and
albedo of switchgrass fields older than 8 years. Future work
should prioritize observations of switchgrass fields over 10 years
of age. Second, we assumed that the starting point for each time
series was the pine clear cut. This starting point did not have
a strong influence on the albedo dynamics of the switchgrass
since the switchgrass and clearcut albedo values were similar.
However, including the clearcut as the initial starting point for
the switchgrass does add a loss of carbon that may not occur
if using an alternative starting point, such as a cropland. We
do not expect this to change our results substantially because
the same alternative starting point would be also applied to the
pine ecosystem in the comparative analysis. Finally, to build the
albedo and NEE models we used data from other sites that did
not have co-located measurements like the Virginia site. This is
was necessary to generate NEE and albedo models across the
full rotation of both systems as it would be challenging to build
the models using only the Virginia site. However, since the pine
ecosystem observations at the Virginia site fell along the NEE
curve but the switchgrass was below (thus absorbed less carbon
than the other sites), an analysis that only used data from the
Virginia site would shift the net radiative forcing in the negative
direction (favoring pine), but provide a less general result.

Our findings differ from those reported by two other studies
that use similar approaches for calculating radiative forcing
of pine forests in temperate latitudes. Each of these studies
found that 1Fc exceeded 1Fα with a combined negative
radiative forcing by pine ecosystems (Betts, 2000; Kirschbaum
et al., 2011). There are four primary causes of the differences.
First, our study used a productive bioenergy grass ecosystem
with carbon accumulation as the baseline rather than a carbon-
neutral baseline as used in Betts (2000) and Kirschbaum et al.
(2011). As a result the difference in carbon accumulation at
the end of our analysis was only 70 tC ha−1 compared to 200
and 170 tC ha−1 in Betts (2000) and Kirschbaum et al. (2011),
respectively. Second, our study used time-integrated NEE flux
measurements from eddy-covariance sites across eastern North
America to determine the (1Fc ) rather than observations of
biomass change from a single site (Kirschbaum et al., 2011) or
literature values of biomass and soil carbon (Betts, 2000). By
using NEE to quantify carbon storage, our study also includes the
loss of carbon through heterotrophic respiration. Consequently,

our carbon storage rates were lower for the pine than switchgrass
ecosystems early in succession, a difference that would be absent
from an analysis that focused only on vegetation carbon. Third,
the albedo contrast between the pine and grass systems was larger
in our study (9%) compared to Betts (2000) (5%) andKirschbaum
et al. (2011) (7%). This creates a larger radiative forcing from
albedo, particularly when compared to Betts (2000). Finally, each
study differs in the time horizon of analysis. However, our 30-year
horizon was less than the 50-year in Betts (2000) but longer than
the 20-year horizon used in Kirschbaum et al. (2011), indicating
that horizon is not the primary cause of the difference. Overall,
the difference in carbon accumulations in both the pine and grass
ecosystems is likely the most critical difference between our work
and previous work.

Our analysis does not account for the indirect effects of
land cover change such as a changes in evapotranspiration
and biogenic volatile organic compounds (BVOC) emissions.
Previous work using climate models has found that the
indirect effect of evapotranspiration, via changes in planetary
albedo from altered cloudiness, can offset the direct effects
of a change in albedo (Bala et al., 2007; Spracklen et al.,
2008; Pongratz et al., 2011; Ahlswede and Thomas, 2017).
However, at the Virginia site, we found evapotranspiration was
similar between the pine and switchgrass field, so changes in
atmospheric water content and cloudiness should be minimal
(Ahlswede, 2021). However, this result may not apply to
all locations where decisions to establish pine or switchgrass
occur, especially those with greater water stress. Therefore,
additional work is necessary to examine the potential importance
of evapotranspiration differences as a driver of indirect
climate mitigation.

Furthermore, forests emit more BVOCs than crops and
grasses, directly and indirectly influencing radiative forcing
(Guenther et al., 2012; Unger, 2014). Forests in the SEUS are
known for releasing large amounts of BVOCs, creating, for
example, the famous Blue Ridge haze. The combination of
BVOCs and anthropogenic oxidants in the SEUS creates high
levels of secondary organic aerosol during the summer, which has
a detectable cooling effect on the region (Goldstein et al., 2009).
Since loblolly pine is a strong source (Stroud, 2005; Hu et al.,
2015), and switchgrass a weaker source (Graus et al., 2013) of
BVOCs, including the aerosol effect would potentially alter our
findings by decreasing radiative forcing of the pine forest. Recent
analyses in boreal forests found that biogenic aerosols contribute
toward the net cooling effects of forest when weighed with carbon
and albedo (Arvesen et al., 2018; Kalliokoski et al., 2020). Thus
future analyses in the SEUS that weigh the net climate effects
of land cover change may be more accurate if the influence of
biogenic aerosols is included.

Decisions to use land-based climate solutions involve trade-
offs when establishing different ecosystems for mitigation
potential. Our study is a specific example that quantifies
the trade-off between two managed ecosystem types in the
eastern U.S. However, our conclusions likely apply to other
pine plantation vs. cropland/grassland comparisons because the
switchgrass albedo is typical of similar ecosystem types and our
representation of uncertainty in both the NEE and albedo for the
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switchgrass was large enough to include variation across a wide
region. Our results may not extend to a decision to establish a
deciduous forest that has a higher average albedo than a pine
plantation. Furthermore, forests and timber production have
other indirect benefits that we did not account for here such as
the substitution of timber-based building materials for emission-
intensive products (O’Halloran and Bright, 2017; Kalliokoski
et al., 2020). These indirect climate and ecosystem services
may take higher precedence, given the small differences in the
direct climate mitigation potential between the two ecosystems
illustrated here. In conclusion, while the pine ecosystem absorbs
more carbon than switchgrass, the difference in albedo was
large enough to result in similar climate mitigation potential
at the 30-year horizon between the two systems, whereby
the direction and magnitude of radiative forcing depends on
the fate of harvested carbon. This conclusion is a critical
consideration if the expansion of either pine plantations or
switchgrass is a component of a regional land-based climate
mitigation strategy.
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