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Abstract: The fast-growing tree, eastern cottonwood (Populus deltoides), currently is being planted to
catalyze native forest restoration on degraded agricultural sites in the southeastern United States.
Many of these restoration sites are appropriate for short rotation woody crop (SRWC) culture that
addresses climate mitigation objectives, but information needed to optimize climate mitigation
objectives through such plantings is limited. Therefore, we established a 10-year experiment on
degraded agricultural land located in the Mississippi Alluvial Valley, USA, aiming to quantify the
dynamics of aboveground carbon (AGC) accumulation in a cottonwood planting of four replicated
spacing levels (3.7 x 3.7 m, 2.7 x 1.8 m, 2.1 x 0.8 m, and (0.8 + 1.8) x 0.8 m) aligned with SRWC
systems targeting various ecosystem services. Annual sampling revealed a substantial range in
increments of AGC and year 10 carbon stocks among stands of different densities. Mean annual
increments for AGC (MAIxGc) were similar for the two tightest spacing levels, peaking higher than for
the other two spacings at about 7.5 Mg ha~! y~! in year 7. Year 10 AGC ranged between 22.3 Mg ha~!
for stands spaced 3.7 x 3.7 m and 70.1 Mg ha~! for stands of the two tightest spacings, leading us to
conclude that a spacing between 2.1 x 0.8 m and 2.7 x 1.8 m would maximize aboveground carbon
stocks through year 10 on sites of similar agricultural degradation. Increments and accumulation
of AGC on the degraded site trended lower than values reported from more productive sites but
illustrate that quick and substantial transformation of the carbon stock status of degraded agricultural
sites can be achieved with the application of SRWCs to restore forests for climate mitigation and other
compatible ecosystem services.
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1. Introduction

The current realities of climate change have stimulated a global demand for practical
solutions, applicable in working landscapes, that contribute to a reduction in atmospheric
CO,. Pragmatists understand that this issue requires an approach inclusive of a broad
suite of alternative energy sources and strategies effective in drawing CO, from the atmo-
sphere. The strategy of enhancing carbon uptake and storage in forests persists as being
fundamental to the global climate mitigation effort [1,2], and this strategy encompasses
the afforestation of deforested land, which holds high potential to restore a significant
fraction of these functions [1,3,4]. Recent projections by Walker et al. [1] suggest that an
area of about 0.9 billion ha appropriate for forest restoration accounts for almost 19% of the
unrealized carbon storage potential of land globally. This accompanies a growing body of
literature that validates that sustainably established plantations reinitiate the forest carbon
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cycle and in doing so expand carbon sinks and regenerate plant and soil carbon stocks at
the afforestation site [5-8].

Short rotation woody crop (SRWC) culture, a type of plantation forestry, offers op-
tions for targeting various climate mitigation objectives in agricultural and peri-urban
landscapes [9-11]. The utility of SRWC culture for biomass feedstock production has been
demonstrated, for example, with shrub willow (Salix spp.) systems in Sweden and the
USA, poplar (Populus spp.) systems in Italy and India, and eucalypt (Eucalyptus spp.)
systems in Australia [12-16]. Their role in producing fossil fuel alternatives to support
climate mitigation has been recognized by the Intergovernmental Panel on Climate Change
and the International Energy Agency, and through prominent national and international
assessments [17-19]. However, significant development of SRWC systems as part of the
climate mitigation effort remains stalled for various reasons, many of which challenge their
economic feasibility [11,16,20-22]. As researchers continue to develop plant material and
SRWC systems to improve efficiencies for economically and ecologically sustainable bioen-
ergy feedstock production, we are also learning more about how these systems regulate
other important ecosystem services such as the buffering of environmental disturbance,
soil and water quality maintenance, and carbon sequestration functions [9,12,15]. Few
bioenergy alternatives offer a diversity of ecosystem services comparable to that of SRWCs
and several researchers have emphasized that a valuation of these co-benefits will be key
to their broader application for climate mitigation [11,23,24].

Carbon sequestration is perhaps the only ecosystem service, other than biomass feed-
stock production, currently marketed from forests or tree crops for climate mitigation
purposes. The expansions of compliance and voluntary carbon markets are beginning to
create opportunities for landowners to generate an income stream from climate mitigation,
especially where agricultural land is prioritized for forest restoration [25]. The agricultural
landscape of the Mississippi Alluvial Valley in the southern USA, for example, holds a sig-
nificant land base with an ownership eager to transition economically marginal agricultural
land to a more ecologically sustainable land use [26]. This transition is hampered by acreage
caps and limited funding in federal conservation programs that are the primary means
by which owners remove land from intensive agriculture [27]. The carbon market has
undoubtedly catalyzed forest restoration in this region [28] and it could further incentivize
restoration of terrestrial carbon pools through coupling with SRWC culture [11,24]. But
our knowledge of SRWC systems and their capacity for carbon sequestration in this region
lacks depth and is insufficient for supporting this emerging aspect of the bioeconomy.

Eastern cottonwood (Populus deltoides), a fast-growing tree endemic to much of the
mid-western and southern US, has been domesticated through tree improvement programs
and raised in plantation culture for over 70 years. The silvical characteristics and domes-
tication of this broadleaf species have promoted its study by geneticists and biologists at
the forefront of advancements to improve anatomical, morphological, and physiological
traits that confer a wide range of efficiencies in tree growth and enhance yields at biorefiner-
ies [29-31]. While this species and its hybrids are primarily raised throughout the temperate
zone for fiber and wood industries, plantings over the last two decades have also been
established for broader utility in achieving various ecosystem services and environmental
technologies [9,32]. These successes indicate that deliberate use of eastern cottonwood
SRWC systems in agricultural landscapes offers a means for achieving a carbon seques-
tration objective simultaneous to biomass feedstock production, establishment of buffers
or stands of perennial cover that protect soil and water, improvement of wildlife habitats,
enhancement of recreational values, or other environmental or ecological objectives [9,32].

We understand from research conducted on various SRWC systems that optimizing
system functions or production of multiple ecosystem services at a given site balances on
decisions concerning species or cultivar, planting design, cultivation and silvicultural prac-
tices, and cutting cycle. Work on poplar SRWC systems in the temperate zone illustrates
that planting arrangement and spacing hold a prevailing influence over tree growth and
stand development [33,34]. This ultimately translates to affect variables that inform deci-
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sions relevant to bioenergy feedstock production such as feedstock dimension, feedstock
quality, total biomass yield, and optimal rotation length [35-38]; additional variables that
inform decisions relevant to a carbon stock objectives including tree allometry, stand-level
carbon accumulation increment, and soil carbon status [39—41].

A lack of tree growth and stand development information, particularly for degraded
agricultural sites, limits our ability to reliably project outcomes for the management of
SRWC systems to regulate carbon uptake and storage in forest restoration settings. The
objective of this work was to quantify and evaluate the dynamics of aboveground car-
bon (AGC) accumulation and stocks in plantings of eastern cottonwood relative to stand
densities appropriate for various SRWC systems. We meet this objective by analyzing
carbon accumulation at the individual tree and stand levels for years 1 through 10 in an
operationally scaled experimental planting established at four spacings on a site too wet to
sustain agricultural production. Results from this work provide a better understanding of
how a basic plantation establishment decision, i.e., spacing, influences the aboveground
component of carbon accumulation dynamics and carbon storage capacity by eastern
cottonwood SRWC systems on marginal agricultural soils.

2. Materials and Methods
2.1. Study Site, Plant Material, and Establishment

This work was conducted as part of a larger study on eastern cottonwood and black
willow (Salix nigra) SRWC management for bioenergy feedstock production on agricul-
tural land slated for forest restoration—additional background information is provided
by Dahal et al. [42]. The experiment was established in Washington County, MS, USA
(33°8' N, 90°55' W), on a 120 ha site typical of marginal agricultural land in the Missis-
sippi Alluvial Valley. Soils at the site are alluvial in origin and mapped to the very poorly
drained, occasionally flooded Dowling series (very-fine, smectitic, nonacid, thermic Vertic
Endoaquepts) and the poorly drained, rarely flooded Sharkey series (very-fine, smectitic,
thermic Chromic Epiaquerts) [43]. The temperate climate is humid, sub-tropical with air
temperature in January averaging 6.8 °C, air temperature in July averaging 27.8 °C, and
annual precipitation averaging 1272 mm [44]. Site index for eastern cottonwood averages
about 28 m at base age 30 on undisturbed forest sites [45].

Land use of the site prior to study installation was agriculture and it was last cultivated
for rice (Oryza sativa) in 2010. Site preparation for plantation establishment, initiated in
June 2011, began with removal of the levees used to paddy the site for rice production and
that was followed by soil discing. The site was subsoil plowed to 46 cm deep in September
2011 and received a broadcasted herbicide solution (oxyfluorfen, rate = 2.3 L ha~!, water
volume = 187 L ha~!) for preemergent vegetation control in late January 2012.

Two improved eastern cottonwood clones (S7C8 and S7C15) were selected for planting
based on the suitability of their silvical characteristics to the site. In February 2012, 46-cm
long, unrooted cuttings of the clones were treated to minimize early-season cottonwood
leaf beetle (Chrysomela scripta) damage by soaking in a systemic insecticide solution (im-
idacloprid, 1.09 mL L~ water) for 24 h [46]. After soaking, cuttings were mixed to equal
proportions of clones, then hand-planted to about 36 cm deep (=10 cm of the cutting re-
mained aboveground) in furrows created by the previous subsoil plowing. The plantation
received post-planting applications of insecticides (bifenthrin and carbaryl) for cottonwood
leaf beetle control in August 2012 and July 2013. Post-planting vegetation control included
hoeing around planting spots in March 2013, and directed and broadcast applications
of an herbicide (clopyralid, rate = 0.38 L ha~!, water volume = 187 L ha~!) from 2012
through 2015.

2.2. Experimental Design and Measurements

The experiment was established according to a randomized complete block design
with 3 blocks of 4 plots. Delineation and positioning of the blocks minimized variation in
soil series and site topography within a block. Each block contained 4, 1 ha plots randomly
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assigned 1 of 4 planting spacings that included 3.7 x 3.7 m, 2.7 x 1.8 m, 2.1 x 0.8 m, and
(0.8 +1.8) x 0.8 m (Figure 1). Because the subsoil plow shanks were arranged at designated
row spacings, between-row spacing was consistent with the assigned level, but within-row
spacing showed operational variability common to hand planting.
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Figure 1. Planting density representations scaled to 0.05 ha of planting area for eastern cotton-
wood established at four spacings on former agricultural land in the Mississippi Alluvial Valley:
(a) lustration of the 3.7 x 3.7 m spacing; (b) Illustration of the 2.7 x 1.8 m spacing; (c) Illustration of
the 2.1 x 0.8 m spacing; (d) Illustration of the (0.8 + 1.8) x 0.8 m spacing.

Measurements of tree survival, number of stems, height, and diameter at breast
height (DBH) were collected annually (ages 1 through 10) in 10 subplots permanently
established in each plot. The subplots were fixed-length (20 m) row segments located
randomly within plots [47]. The number of planting spots in a subplot varied with assigned
spacing such that there were about 5.6 planting spots in subplots established in plots spaced
3.7 x 3.7 m, about 11 planting spots in subplots established in plots spaced 2.7 x 1.8 m,
about 26.5 planting spots in subplots established in plots spaced 2.1 x 0.8 m, and about
52.5 planting spots in subplots established in plots spaced (0.8 + 1.8) x 0.8 m. Measurements
were collected in English units (ft and in) and converted to metric units (m and cm) for
analysis and modeling.

2.3. Data Analysis and Modeling

Individual tree aboveground biomass (AGB) (kg) was estimated for all trees in a
subplot by running annual measurements of height, DBH, and number of stems through
models developed by Dahal et al. [42] who conducted their work at the current study site.
These models were slightly modified such that no data augmentation was performed; i.e.,
only trees that had measured dry weights were used to refit the Dahal et al. [42] models in
the current analysis. We estimated biomass of individuals too small to have a DBH with
the model:

In(AGBy) = —3.20530 + 2.71330 In(height) + 0.10447 In(number of stems); @
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the correction factor 1.17 was multiplied to these data to correct for bias introduced by log
transformation [42]. AGB; of trees having a DBH was estimated with the model:

In(AGBy) = —1.07227 + 1.24323 In(DBH) + 0.59751 In(height) + 0.15653 In(number of stems); (2)

the log transformation bias correction factor multiplied to these data was 1.09. All corrected
AGB; data were multiplied by 0.5 for conversion to individual tree aboveground carbon
mass (AGCy). Stand-level AGC (AGCs) (Mg ha~!) was calculated by summing AGC; for
all surviving trees in a subplot and multiplying the sum by an expansion factor for subplot
size. We used AGCs to calculate current annual increment (CAlagc) (Mg ha~! yr‘l) and
mean annual increment (MAIxgc) (Mg ha~! yr~!) of stand carbon by spacing following
the formulae:

CAJAGC = AGCS(age i) — AGCS(agei — 1) 3)

and
MAIAGC = AGCS(age i) —~ age;. (4)

Data were analyzed according to a randomized complete block design with the MIXED
procedure in SAS software version 9.4 [48]. The analysis was structured to use plot means
in testing for spacing, age, and interaction effects on response variables. We used the PLM
procedure and LS-means statement with the Adjust = Tukey option to separate means of
variables showing a significant source effect. Significance for all tests was defined at an
alpha level of 0.05.

3. Results

Eastern cottonwood growth and stand structure showed a marked response to plan-
tation spacing. Survival through year 10 averaged about 72% across the study and was
not influenced by spacing (p = 0.2573) (Table 1). Trees spaced 3.7 x 3.7 m grew 54% taller
than those spaced (0.8 + 1.8) x 0.8 m (p = 0.0148). DBH was greatest where the planting
was spaced 3.7 x 3.7 m, averaging about 2.5 cm more than where the planting was spaced
2.7 x 1.8 m and about 5.6 cm more than where spaced 2.1 x 0.8 m or (0.8 + 1.8) x 0.8 m
(p < 0.0001). Stand basal area increased as plantation spacing decreased, ranging more than
115% from the widest spacing level to the two tightest levels (p = 0.0004) (Table 1). Trees
accumulated about 43% more AGB where the planting was spaced 3.7 x 3.7 m than where
spaced 2.7 x 1.8 m, and about 78% more where spaced 2.7 x 1.8 m versus the two tightest
levels (p = 0.0004). Stands with an initial spacing of 2.1 x 0.8 m or (0.8 +1.8) x 0.8 m
produced 67% more AGB than stands spaced 2.7 x 1.8 m and 214% more AGB than stands
spaced 3.7 x 3.7 m (p < 0.0001) (Table 1).

Table 1. Tree and stand characteristics (mean + standard error) at year 10 for eastern cottonwood
established at four spacing levels on former agricultural land in the Mississippi Alluvial Valley.
Means in a row followed by the same letter are not different.

Spacing
Variable 3.7 X 3.7m 2.7 x 1.8 m 2.1 x 0.8 m (0.8 +1.8) x 0.8 m
Survival (%) 73+ 4a 77 t5a 76 £5a 64+ 3a
Height (m) 1284+ 0.7a 11.2 4+ 0.7 ab 9.6 + 0.9 ab 844+02Db
DBH (cm) 119+ 06a 94+ 0.7b 6.3+ 05c 54+02c¢
Stand BA (sqm ha~') 148+21c 242 +09b 334+34a 319+04a
Tree AGB (kg) 392+11a 274+ 0.7b 154+ 03¢ 125+ 03¢
Stand AGB (Mg ha™1) 446 +72c¢ 83.8 £43Db 141.7 £ 15.7 a 140.1 £ 29a

Accumulation of AGCy was similar for all spacing levels through the first 4 years after
planting (Figure 2). By year 5, AGC] for eastern cottonwood established at (0.8 + 1.8) x 0.8 m
averaged 49 and 58% less than that of trees established at 2.7 x 1.8 m and 3.7 X 3.7 m
spacings, respectively (p = 0.0356). Separation in accumulation of AGCj between the two
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tightest and two widest spacing levels was observed 7 years after establishment with AGC;
ranging 60% from trees spaced (0.8 + 1.8) x 0.8 m to those spaced 3.7 x 3.7 m (p = 0.0002).
AGCy in 3.7 x 3.7 m plantings began outpacing AGCj in 2.7 x 1.8 m plantings in year
8 (p < 0.0001). Through year 10, the steepest accumulation of AGCj occurred where trees
were spaced 3.7 x 3.7 m (Figure 2). Relative to this spacing level, AGC; accumulation was
limited to 30% where trees were spaced 2.7 x 1.8 m, 61% where spaced 2.1 x 0.8 m, and
68% where spaced (0.8 + 1.8) x 0.8 m (p < 0.0001).

22
e 37x37m

20 1| —e— 2.7x1.8m I
—e— 21x0.8m

18 {| —e— (0.8 +1.8)x 0.8 m

>
Peq

—_— ek e
o NDA

Aboveground Carbon (kg)

o Nk~ O

1 2 3 4 5 6 7 8 9 10
Age (years)

Figure 2. Average accumulation of AGC (mean =+ standard error) by individual eastern cottonwood
trees established at four spacing levels on former agricultural land in the Mississippi Alluvial Valley.

CAl g for stands of all spacing levels showed the steepest increase between years
1 and 4 or 5 after establishment (Figure 3). We observed a maximum CAlagc of about
10 Mg ha~! y~1 in year 5 for stands spaced 2.1 x 0.8 m or (0.8 + 1.8) x 0.8 m. Compared to
this rate, year 5 CAIpgc was about 45% lower where stand spacing was 2.7 x 1.8 m and
about 76% lower where spacing was 3.7 x 3.7 m. A maximum CAIagc near 6 Mg ha—! y’l
in year 8 was observed for stands established on the 2.7 x 1.8 m spacing level, and an ap-
parent maximum CAIgc near 3.5 Mg ha=! y~! in year 9 was observed for the 3.7 x 3.7 m
spacing level. In year 10, the CAIgc for stands spaced 2.1 x 0.8 m or (0.8 + 1.8) x 0.8 m
remained at least 26% higher than that of the other two spacing levels.

MAIpgc for spacing levels 2.1 x 0.8 m and (0.8 x 1.8) x 0.8 m rose substantially
quicker than that of the other spacing levels, peaking near 7.5 Mg ha~! y~! in year
7 (Figure 4). Year 7 MALI for stands established on an initial spacing of 2.7 x 1.8 m was half
as much as that observed for the tighter spacings—MAIagc for this spacing apparently
crested in year 10 near 4.2 Mg ha™! y’l. For stands established at 3.7 x 3.7 m, MAIsgc
remained 47% below that of the 2.7 x 1.8 m spacing level and did not peak during the
study period. The year 10 MAIgc for stands spaced 2.1 x 0.8 m or (0.8 + 1.8) x 0.8 m
stayed at least 39% greater than stands spaced 2.7 x 1.8 m and 68% greater than those
spaced 3.7 x 3.7 m.
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Figure 3. CAIpgc for eastern cottonwood established at four spacing levels on former agricultural

land in the Mississippi Alluvial Valley.
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Figure 4. MAIpgc for eastern cottonwood established at four spacing levels on former agricultural

land in the Mississippi Alluvial Valley.
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Accumulation of AGC by stands planted at 2.1 x 0.8 m or (0.8 + 1.8) x 0.8 m exceeded
that of stands planted at the two wider spacings by at least 180% in year 3 (p = 0.0018)
(Figure 5). By year 5, stands established at 2.7 x 1.8 m showed 125% more AGCg than
stands spaced at 3.7 x 3.7 m (p < 0.0001). Though variable over time, annual increments of
AGCg maintained the early trajectories initiated by spacing such that AGCg accumulation
in year 10 was 28.2 Mg ha~! higher for stands spaced 2.1 x 0.8 m or (0.8 + 1.8) x 0.8 m than
for those spaced 2.7 x 1.8 m, and it was 19.6 Mg ha~! higher for stands spaced 2.7 x 1.8 m
than for those spaced 3.7 x 3.7 m (p < 0.0001).

Intersections of CAIpgc and MAIagc curves marked different biologically optimal
rotation lengths relative to spacing in eastern cottonwood plantations (Figure 6). Stands
established at the tightest spacing, (0.8 + 1.8) x 0.8 m, showed the shortest biological rotation
with the intersection of CAIagc and MAIxgc curves at about year 7.5. Biological rotation
was reached in year 8 for the 2.1 x 0.8 m spacing level and in year 10 for plantings spaced
2.7 x 1.8 m. Stands established at 3.7 x 3.7 m had not reached biological rotation by year
10, though CAIagc appeared to be leveling. AGCg stocks at biological rotation averaged
55.4 4 2.4 Mg ha~! for the (0.8 + 1.8) x 0.8 m spacing level, 60.3 + 6.8 Mg ha~! for the
2.1 x 0.8 m level, and 41.9 4- 2.1 Mg ha~! for the 2.7 x 1.8 m level. The 3.7 x 3.7 m spacing
had accumulated 22.3 + 3.6 Mg ha~! of AGCg at the end of the 10-year study period.
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©
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Figure 5. Average accumulation of AGCg (mean =+ standard error) for eastern cottonwood stands
established at four spacing levels on former agricultural land in the Mississippi Alluvial Valley.
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Figure 6. Superimposed curves of CAlxgc and MAIxgc through year 10 for eastern cottonwood
stands established at four spacing levels on former agricultural land in the Mississippi Alluvial Valley:
(a) Graph for the 3.7 x 3.7 m spacing level; (b) Graph for the 2.7 x 1.8 m spacing level; (¢) Graph for
the 2.1 x 0.8 m spacing level; (d) Graph for the (0.8 + 1.8) x 0.8 m spacing level.

4. Discussion

Afforestation of land that was deforested for agricultural production offers an effective
means for re-building depleted terrestrial carbon stocks, while also restoring a range
of other ecosystem functions and services associated with forests [39,49-52]. Though
investment in afforestation is economically dubious, many have argued that fast-growing
tree species, such as poplars, can play a central role in this climate mitigation approach
because of their silvical characteristics and domestication that facilitate afforestation success,
their effectiveness in promoting recovery of important forest ecosystem processes, their
demonstrated utility for quickly developing carbon-storing forest structure, and their
flexibility in an application for multiple management objectives compatible with carbon
accumulation and storage [9,15,24,38,39,52]. In the Mississippi Alluvial Valley of the
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southeastern United States, for example, indigenous eastern cottonwood currently is being
planted to catalyze the restoration of native forests and their functions, especially on sites
appropriate for SRWC culture where a climate mitigation objective could be pursued [53].

Eastern cottonwood management for carbon accumulation and storage is presently
encumbered by limited knowledge of tree growth and stand development in SRWC systems
established on the degraded and relatively low-productivity floodplain sites typically avail-
able for afforestation in the southeastern US. Earlier research on cottonwood stand growth
and development has primarily been conducted on comparatively high productivity sites
in this region—these sites differ from the current study site by having lighter-textured soils
of better arability, shorter periods of soil waterlogging for increased access and equipment
operation, and relatively less edaphic and hydrologic degradation [54-57]. Additionally,
little research has focused on tight spacings common to some current SRWC systems.
Spacings studied in this experiment cover a range considered appropriate for accommo-
dating various SRWC management objectives, complementary to carbon accumulation
and storage, that are usually optimized at contrasting stand densities, rotation lengths,
and tree size classes at rotation. This research broadens our understanding of the AGC
accumulation and stock dynamics exhibited by cottonwood plantings at different spacings
on a low productivity site, thereby holding economic and ecological implications important
to informing the management of SRWC systems for carbon storage and various other
ecosystem services, such as biomass feedstock production, wildlife habitat, and water
quality, on afforested, marginal agricultural land.

4.1. Cottonwood Survival and Growth Relative to Spacing on a Degraded, Low Productivity Site

Prior work in plantings of eastern cottonwood and other poplars explored the role of
spacing on tree survival and growth in SRWCs [38,40,55,58]. Some studies clearly illustrate
increased tree mortality associated with inter-tree competition that intensifies as spacing
decreases [55,56,58], though this relationship is not apparent through rotation lengths
conventional to SRWCs in other studies [40,41]. Various factors can contribute to mortality
in young poplar plantations. In general, initial mortality has been attributed to poor
rooting of cuttings, whereas mortality after establishment, where factors like plantation
inundation, disease, insect damage, or storm damage are not an acute issue, has been
attributed to poor clonal adaptability to the site [59]. As to be expected, when tree mortality
is associated with spacing, it is typically realized quickest where the distance between trees
is least [55,56,58]. Survival through year 10 observed in this study was not affected by
spacing and it ranged towards the lower end of survival rates reported for other poplar
plantings of approximately the same age [40,55,59,60]. The mortality we observed may be
partly attributed to the harsh environmental conditions of the degraded site, i.e., where
altered hydrologic regimes led to flooding over a large portion of the site during each
growing season of the study.

Tree height, DBH, and AGB; were influenced by spacing such that each of these
variables tended to increase as the spacing or area available to the tree increased. Consistent
with the growth of poplars in other studies, height was mildly responsive to spacing while
DBH and AGB; were considerably responsive [40,41,61,62]. Fang et al. [63], who worked in
the Jiangsu Province of China, confirmed genetic control over the correlation between DBH
and crown volume for 14 eastern cottonwood clones native to the southeastern United
States, but they also recognized the strong impact of environment on this relationship.
Stem diameter, and consequentially AGBjy, tends to show a positive response to spacing
as observed in this study because it is coupled to vascular support of the live crown—live
crown volume and distribution of leaf area for an individual tree in a stand is largely
limited by competition for light in the canopy [64].

We observed a substantial difference in growth through year 10 between eastern
cottonwood in our experimental planting and other plantings reported in the literature.
For example, Krinard and Johnson [55], who studied cottonwood on a highly productive
site in the vicinity of the current study, reported the average size for 10-year-old trees in
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stands spaced 3.7 x 3.7 m was 75% greater in DBH and 105% taller than those in our study.
Likewise, a diploid hybrid poplar clone planted on an alluvial site of the Huabei Great Plain,
China, grew 52% more in DBH and 58% taller by year 11 in stands spaced 3 x 4 m (versus
the 3.7 x 3.7 m spacing at year 10 in this study) [37]. However, our results for eastern
cottonwood growth were more encouraging than those reported by Kaczmarek et al. [59],
who conducted research on a relatively low productivity, upland site in South Carolina,
USA. They noted year 10 observations of cottonwood clone S7C15 (spaced 2.5 x 2.5 m),
one of the two clones we deployed, to be 18% smaller in DBH and 33% shorter than for
trees spaced 2.7 x 1.8 m in this study. Thus, it appears that the dissimilarity in growth
between trees at our study site and the better-performing trees at other sites is in part due
to the lower site index inherent in our study area as well as the soil quality degradation
and hydrologic regime alteration persisting from the previous agricultural use. Moreover,
we did not fertilize our study site to mitigate depleted nutrient pools, principally nitrogen,
as is conventionally practiced to enhance the early growth of eastern cottonwood raised for
industrial purposes.

4.2. Stand Development and Dynamics of Carbon Accumulation

Poplars grown in short-rotation systems have the potential to exhibit some of the
highest initial annual carbon increments among plantation-grown temperate broadleaf
trees [9]. However, the annual net productivity and carbon stocks in poplar plantings are
influenced by a host of site factors and silvicultural decisions. Basic factors tied to site
productivity include inherent soil and hydrologic characteristics, climate/weather, and
prior land use. Additional factors include silvicultural decisions such as species and clonal
selection, plantation spacing, and management regime (fertilization, irrigation, weed/pest
control practices, and rotation length). All of these will impact annual increment and total
carbon accumulation realized for a given planting [15,39-41,58,65-67]. Due to the extensive
variability of these factors across studies reported from throughout the temperate zone,
calculated rates of CAlxsgc and MAIxGc in young poplar plantings range substantially.
An example calculated from two sites in Suceava County, Romania, showed peak CAlpgc
ranged from 6.8 to 7.6 Mg ha~! y~! at year 4 for a hybrid poplar clone established in
3 x 2m plantings, and MAIsgc in year 5 ranged from 3.8 to 4.6 Mg ha™! y’1 for the
two sites, respectively [66]. Two hybrid poplar clones raised on a 1 x 1 m spacing in
Washington, DC, USA, differed substantially in annual carbon increment [58]. A peak
CAlpgc near 8.5 Mgha~! y~! at age 5 and an MAIagc of 5.6 Mg ha=! y~! at age 5 were
realized for the first clone, while a peak CAIzgc of 14.2 Mg ha~! y~! at age 4 and an
MAIagc of 9.2 Mgha~! yr! at age 6 were realized for the second clone [58]. Further,
poplar clones established in Baoying County, China, showed peak CAlxgc ranged near
6.4 Mg ha~! y~! in year 5 where plantings were spaced 4 x 5 m to about 8.6 Mg ha~! y~!
in year 4 where spaced 3 x 3 m [39]. Estimated MAIxGc at that site ranged from about
49Mgha~! y~!in year 6 for the 4 x 5 m spacing to about 7.2 Mg ha~! y~! in year 6 for
the 3 x 3 m spacing [39].

Trajectories of annual carbon increments relative to spacing for our study patterned
similarly to those of other non-coppiced poplar stands reported in the literature, CAlagc
and MAIxgc rose quickest and peaked earliest for the tightest spacings [39,58]. Because
the productivity of young plantations is fundamentally tied to light-intercepting leaf
area [34,68,69], most SRWC systems feature relatively high planting densities designed to
rapidly build stand-level, rather than tree-level, leaf area. This design enhances early stand
productivity, shifting slopes of CAI and MAI to rise more quickly with an increase in stand
density [39,58,70]. Our findings for CAIpgc and MAIpgc bear this relationship but also
suggest an upper limit for the current study site at which an increase in stand density will
not increase CAlsgc nor MAIsgc. For the eastern cottonwood clones deployed on our
study site, an upper limit of planting density for maximum 10-year carbon accumulation
appears positioned between the 2.7 x 1.8 m and 2.1 x 0.8 m spacings. Increasing planting
density from the 2.1 x 0.8 m spacing to the (0.8 + 1.8) x 0.8 m spacing failed to improve
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increments of AGCg through year 10. Likewise, there is probably a spacing level interme-
diate to the 2.7 x 1.8 m and 2.1 x 0.8 m levels that would provide sufficient stocking to
approach the carbon increment observed for the later spacing.

Expectedly, results for carbon increments on the current study site were comparably
lower than values reported from seemingly higher productivity, more intensively managed
sites. For example, Krinard and Kennedy [54], who investigated eastern cottonwood growth
on a site of heavy clay soils within 80 km of our study area, reported values that allowed us
to calculate CAlxgc and MAIxgc for their 5-year study. Neither variable peaked by year 5,
but annual carbon increments in the Krinard and Kennedy [54] planting were in the range
of values from the literature discussed above and much greater than for our planting at the
two widest spacings (2.7 x 1.8 mand 3.7 x 3.7 m). Year 5 CAlsgc for their plantation, which
was spaced 3.7 x 3.7 m, was 11.2 Mg ha™! yr’l and MAIpgc was 5.7 Mg ha™! yr’l. These
rates are nearly five times greater than the CAlsgc and more than four times greater than
the MAIpgc observed at the same age and spacing in our study. Yet, the year 6 MAIxc for
stands spaced 2.7 x 1.8 m (3.4 Mg ha~! yr~!) on our site was intermediate to the calculated
range of 2.7 to 4.5 Mg ha~! y~! reported by Ghezehei et al. [71] for eastern cottonwood
clones (stand density = 2500 trees ha~—!) planted on coastal sites with marginal soils in
North Carolina, USA. Prior to our research, CAI and MAI rates for carbon uptake and
accumulation by eastern cottonwood on relatively low-productivity alluvial sites degraded
by agriculture were not known for the southeastern United States. Referencing our data to
those of Krinard and Kennedy [54] illustrates that a certain level of site degradation may
be expected to negatively impact cottonwood productivity where it is established in short
rotation culture on native soils under long-term cultivation for agriculture.

The AGCs increment patterns for eastern cottonwood on the current study site confirm
a commonly reported relationship between stand density and optimal biological rotation
of biomass crops. In general, increasing stand density will lead to earlier realization of
biological rotation [39,70,72]. As described above, a densely stocked stand accumulates
biomass earlier than a thinly stocked stand, but it will also develop sooner into a canopy
closure and inter-tree competition that limits annual increments. Too, the more thinly
stocked stand will sustain annual increments near maximum over more growing seasons
than the densely stocked stand [70]. Biological rotation holds significance to a carbon
accumulation and storage objective from the standpoint of understanding the timeframe
and duration for which a stand maximizes carbon increment. The biological optima, or the
timeframe of greatest AGCg increment, for the two tightest spacings in this experiment was
near 7.5 to 8 years. Widening distance between trees to 2.7 x 1.8 m increased the biological
rotation by 2 years and decreased AGCg stocks at biological rotation by 18.4 Mg ha™!.
Though stands of the two tightest spacings had surpassed their biological rotation, annual
increments at year 10 were still at least 10 Mg ha~! greater than the annual increment
of stands spaced 2.7 x 1.8 m at their 10-year biological rotation. This finding reflects
the previously noted observation that inter-tree competition at year 10 had yet to impact
survival in the more tightly spaced stands.

As mentioned above, the environmental and silvicultural factors that govern annual
carbon increments will ultimately determine total carbon accumulation and storage. In
this eastern cottonwood planting, differences in annual increments respective to spacing
levels accrued to result in a 47.8 Mg ha~! range in year 10 AGCs stocks. Carbon stocks
for the 2.1 x 0.8 m and (0.8 + 1.8) x 0.8 m spacing levels were equivalent at year 10; i.e.,
the same level of carbon accumulated with 60% of the planting material and effort used
to establish the tighter spacing. Carbon stocks for the 3.7 x 3.7 m spacing, which is the
conventional spacing in the region for cottonwood fiber and sawlog production, remained
substantially lower than all other spacing levels through year 10. Clearly, selection of this
spacing level to accommodate an objective met by quickly producing trees in relatively
large size classes could result in significant shortfalls in early AGCg stocks on similar sites
of degraded marginal agricultural land. As noted by Zhang et al. [38], an optimal rotation
length based on a merchantable size class or economic maturity of a stand for a given
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objective like sawlog production would likely extend beyond the biological rotation length
defined by annual increments of biomass or carbon. Together with the range in biological
rotation, the observed range in total carbon stored per hectare should prove significant to
balancing the ecological and economical tradeoffs associated with managing SRWCs for a
climate mitigation objective concurrent with various other targeted objectives.

Evaluated against some other reports for poplars raised in SRWC systems across the
temperate zone, early AGC stocks at our study site appear underwhelming [39,41,65,71].
The AGC stocks calculated for an eastern cottonwood planting spaced 3.7 x 3.7 m in
Issaquena County, MS, USA, reveal that the similarly spaced stands at our study site
accumulated 28.5 Mg ha~! less carbon by year 10 [55]. Yet, we held no expectation that the
carbon accumulation and storage potential of this degraded agricultural site would match
that of less degraded or higher productivity sites where SRWC systems are intensively
managed for biomass feedstocks, pulp, or solid wood products. Rather, our purpose was to
quantify the early carbon stock dynamics on a site representative of marginal agricultural
land in the southeastern US, particularly the Mississippi Alluvial Valley. The site we selected
is typical of the land in this area being enrolled in US Federal conservation programs for
forest restoration, and characteristic of afforested land entered into contracts with carbon
project aggregators selling carbon in the voluntary market. From this perspective, carbon
stocks on the current site were within the range of potential we calculated from biomass
productivity modeled by Stanturf et al. [20] for the southeastern and midwestern US. The
year 10 measured AGCs at our site for the tightest and widest spacings varied between
160 and 51%, respectively, of the 43.7 Mg ha~! modeled for eastern cottonwood and hybrid
poplar (1729 stems ha~!) across the southeast and Midwest regions of the US.

5. Conclusions

The silvicultural factor examined in this study, plantation spacing, was found to be
of high consequence to AGC accumulation and storage potential by eastern cottonwood
grown as a SRWC on a degraded floodplain site marginal for agricultural production.
Spacing did not impact tree survival but, expectedly, AGCj increment of individual trees
improved as the distance between trees increased. Slopes for annual carbon increments rose
more quickly and carbon stored in aboveground biomass increased more rapidly on an area
basis with decreasing distance between trees in stands. Results gathered from our study
site and the clonal material we deployed suggest that early AGCg increment and stocks for
cottonwood raised as a SRWC on similarly degraded agricultural sites could be maximized
at a spacing level between 2.1 X 0.8 m and 2.7 x 1.8 m. Stands planted to a spacing level in
this range would develop to the biologically optimal rotation for AGCg stocks within 8 to
10 years of establishment. Rates for AGC increments through year 10 were substantially
lower than the potentials reported for dedicated biomass crops on higher productivity sites
but appear promising for pursuing a climate mitigation objective, concurrent with man-
agement for other ecosystem services, through forest restoration on degraded agricultural
sites. These findings inform the management of SRWC systems for carbon storage and
other compatible ecosystem services by expanding our knowledge of how initial spacing
impacts early carbon accumulation and carbon stock development in eastern cottonwood
established on low-productivity sites entering forest restoration. Future SRWC research on
similarly degraded agricultural sites should explore other aspects of eastern cottonwood
productivity and carbon storage potential including genotypic variation in response to
spacing, below-ground dynamics of carbon accumulation and stocks, and the dynamics of
carbon accumulation and stocks over multiple coppice rotations.
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