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Abstract: Silvopasture, the combination of trees, forage, and livestock, is a management practice that
is gaining interest throughout the southeastern U.S. This research analyzed a hay-based alley cropping
field trial that is transitioning into a silvopasture system. We planted four different tree spacings—
2.4 × 2.4 m, 2.4 × 3.0 m, 3.0 × 3.0 m, and 1.8 × 3.0 m (8 × 8 ft, 8 × 10 ft, 10 × 10 ft, and 6 × 10 ft)—of
loblolly pine (Pinus taeda L.) and used secondary data for the possible planting of two different
grass species—big bluestem (Andropogon gerardii Vitman) and switchgrass (Panicum virgatum L.).
Tree inventories, forage samples, biometric modeling, and economic analysis of forage and timber
monocultures and mixed systems were analyzed with discounted cash flow and capital budgeting
analyses. Tree growth on the pasture site was exceptionally fast, generating high projected returns for
timber monocultures, which exceeded returns for monoculture grass crops. Projected timber stand
returns had the greatest Net Present Values (NPV) at the 4% discount rate, ranging between USD 3196
and USD 3552 per ha (USD 1294 and USD 1438 per ac) for a 2.4 × 3.0 m or 2.4 × 2.4 m tree spacing
yield. Representative grass yields were obtained from secondary sources and had lower productivity,
with switchgrass having the highest returns at USD 2581 per ha (USD 1045 per ac). Optimal NPVs
for mixed silvopasture stands ranged between about USD 1500 per ha and USD 3500 per ha (USD
600/ac and USD 1400/ac), depending on the tree spacing within bands, the alley spacing, and the
degree of competition between trees and grasses.

Keywords: alley cropping; silvopasture; agroforestry; trees; forage; economic analysis; capital
budgeting; North Carolina

1. Introduction

Continual demands for increased food and fiber production and for ecosystem services
have prompted innovation in farm and forest systems that can produce multiple goods
and services with better environmental outcomes than modern monoculture cropping
systems. In particular, multiple output agroforestry systems have been proposed and
investigated as promising means to provide more wholistic agroecological systems that
can provide a supplement to monocultures, produce substantial amounts of commodity
goods and ecosystem services, generate fewer negative externalities, require less herbicides
and pesticides, and create more favorable plant and animal health outcomes.
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Of the current broad United Nations Sustainable Development Goals (SDGs) [1], at
least three are related closely to agroecological production systems—(12) Responsible
Production and Consumption, (13) Climate Action, and (15) Life on Land. Responsible
production and consumption clearly infer producing consumer goods that are not only
efficient and minimize input factors of production but also minimize short- and long-run
adverse environmental impacts. Integrated agroecological systems also can contribute
significantly to climate action by minimizing carbon and methane emissions or even
offsetting greenhouse gases (GHGs). Furthermore, more diverse agroecological systems
can employ natural approaches that can produce and sustain plant, animal, and genetic
biodiversity. These three broad SDG themes and others identify dozens of actions that
can help build bridges to a more sustainable future. In this research, we examined alley
cropping of trees and pasture—the first phase of a tree and livestock system—as one rapidly
developing new approach to food and fiber production, which has received increasing
attention in developed as well as developing countries.

1.1. Agro–Silvo–Pastoral Systems

Agro–silvo–pastoral systems, or silvopasture, are those in which woody perennials are
grown with forage crops and livestock [2]. Silvopasture has slowly increased in popularity
throughout the southeast U.S. [3,4]. While the production and management system regimes
are still under development, landowners using silvopasture seek to diversify their income
streams by having multiple products to sell over an extended time frame [5,6].

Past research on silvopasture in the southern United States has highlighted its nu-
merous ecosystem benefits and services compared to monocultures of agriculture crops or
forest plantations [7,8]. Silvopastures have been shown to sequester and store high levels of
above- and below-ground carbon, creating a potential for mitigation of climate change [9].
Silvopasture has higher levels of biodiversity than typical monoculture systems [10].

Furthermore, silvopasture can provide a competitive financial alternative for farmers
and landowners. Research conducted over the past several decades suggests that silvopas-
ture can produce financial returns equal to or better than conventional timberland returns.
Grass and forage usually are expected to have greater financial returns than timber or
silvopasture, but mixed grass and tree systems may have higher net returns than grasses
under specific scenarios [2,5,11–16].

Diversification is a potential benefit to silvopasture, as well [5,17,18]. Spreading invest-
ments over multiple commodities (timber, livestock) to minimize marketplace risks appeals
to landowners with diverse investment portfolios. Furthermore, services such as hunting
leases, carbon credits, water quality improvements, biodiversity, and other ecosystem
payment options can provide supplemental income that can help generate revenue and
minimize these risks rather than relying on one single commodity product [5,14,17]. More-
over, the timing of revenue generation is attractive to some landowners—livestock and
forage offer annual income, while timber provides a long-term investment [5,18]. Finally,
silvopasture is seen as both socially acceptable and aesthetically pleasing [4], satisfying
conservationists and animal rights advocates with the incorporation of ecologically diverse
forests [6,16]. These silvopasture systems could contribute to improved animal health and
welfare and, thus, healthier food for humans [19].

1.2. Southeastern U.S.A. Systems

In the southeastern United States, loblolly pine (Pinus tadea L.) is the most planted
softwood species [5]. Loblolly provides cover, food, and habitat for a variety of wildlife
species. In states like Mississippi, softwood timber production is a major land use, compris-
ing almost 45% of the state’s land base [20]. Due to silvicultural management and genetic
advancements, loblolly has realized faster growth rates, volumetric yields, and disease
resistance [21], making it a prime candidate for silvopasture systems.

Silvopasture typically includes the production of warm- or cool-season forages that
can be sold for hay or used for grazing [22]. Warm-season forages are often cultivated for



Sustainability 2021, 13, 11465 3 of 17

their faster growth rates and higher yields. For example, bahiagrass (Paspalum notatum
Flueggé var. notatum) and little bluestem (Schizachyrium scoparium (Michx.) Nash) are peren-
nial warm-season forage grasses that typically grow faster than cool-season forages [23].
However, both warm- and cool-season forages provide benefits to their ecosystem that
range from pollinator attraction, wildlife habitat, and erosion mitigation [24].

Previous agroforestry research at the Center for Environmental Farming Systems
(CEFS) located near Goldsboro, North Carolina, U.S., evaluated an alley cropping system
with three tree species (loblolly pine, longleaf pine (Pinus palustris Mill.), and cherrybark
oak (Quercus pagoda) and two agricultural crops, corn (Zea mays L.) and soybeans (Glycine
max (L.) Merr.), in alternating years for six years [25], on a 7 ha field, before conversion
to a beef silvopasture site. The researchers noted that, in theory, average state yields for
corn and beans should provide greater returns than timber. However, frequent floods and
droughts during the first six years usually resulted in negative crop returns, while the
planted trees continued to increase in volume and value [25].

Bruck et al. [8] extended the CEFS economic capital budgeting analysis for silvopasture
and found that beef cattle returns exceeded southern pine returns, due in part to high beef
prices in 2017, but both offered reasonable returns using a 4% real discount rate. The pure
livestock regime had a net present value (NPV) of USD 3194 per ha (USD 1293 per ac) and
a land expectation value (LEV) of USD 5113 per ha (USD 2070 /ac) at a 4% real discount
rate. At the same real discount rate, the per-ha NPV and LEV values for monoculture
loblolly pine were USD 2742 and USD 4389 per ha (USD 1110 and USD 1777 per ac),
respectively. The NPV associated with loblolly pine/silvopasture returns and production
of warm-season bermudagrass (Cynodon dactylon Pers.) was USD 855 per ha (USD 346/ac),
but growing warm-season switchgrass (Panicum virgatum L.) increased NPV to USD 1104
per ha (USD 447/ac). Loblolly pine silvopasture with a cool-season grass such as fescue
(Festuca spp.) resulted in an NPV of USD 1583 per ha (USD 641 /ac), and growing clover
(Trifolium spp.) as the forage generated an NPV to USD 1472 per ha (USD 596/ac) [8].
These results reflect that the site was relatively productive for trees but was a poor site for
pasture.

1.3. Objectives

In 2012, a new 2 ha (5 ac) silvopasture field trial was established at CEFS to assess
timber and forage production in silvopastures where loblolly pine had been planted at
several different spacings to eventually provide a silvopasture system to support grazing by
dairy cattle. Cattle have not yet been introduced in this field trial. As such, our objective for
this analysis focused on an examination of the current status of this trial after six growing
seasons and to estimate future financial returns predicted from continued management of
the site as a loblolly pine or grass monoculture or as a silvopasture producing both timber
and forage. Thus, these alley cropping analyses serve as proxy for the much more complex
livestock systems that are planned for the site in the future.

2. Experimental Design

We assessed the bioeconomic relationship between timber and forage based on differ-
ent blocks of tree spacings and prospective pasture grasses. Tree inventories, soil testing,
and computer modeling were all used to determine the financial implications of intercrop-
ping timber and warm-season grasses. Field observations and soil analysis indicated that
the research site is relatively degraded, making the field site less suitable for conventional
grazing forages. Using secondary literature, farm records, and managers’ opinions, two
forages, switchgrass and big bluestem (Andropogon gerardii Vitman), were selected and
modeled for our research. For reference, all the field trial plantings and measurements
were conducted in standard local English measurement units but are converted to SI metric
units for this paper.

This project is established on the CEFS/Cherry Farm, which is owned by the State of
North Carolina and managed jointly by the North Carolina Department of Agriculture and
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Consumer Services Research Stations Division, and North Carolina State University. The
site is located in the Coastal Plain physiographic province, near the Neuse River, one of the
major North Carolina River systems traversing the Piedmont of North Carolina through
the Coastal Plain to the Atlantic Ocean. The entirety of the project site occurs on Leaf loam
(Le) soils, which are deep, poorly drained, fine, mixed, active, thermic Typic Albaquults
that were derived from clayey marine deposits. The site has a warm temperate climate and
averages about 1220 mm (48 inches) of rain per year, well-distributed throughout the year,
but with the most in the summer months.

The research site had previously been cultivated under rotations of corn and soybeans.
The new demonstration consists of loblolly pine planted at four different density treatments:
3.0 × 3.0 m; 1074 trees per ha (10 × 10 ft; 435 trees per ac), 2.4 × 3.0 m; 1346 trees per
ha (8 × 10 ft; 545 trees per ac), 2.4 × 2.4 m; 1682 trees per ha (8 × 8 ft; 681 trees per ac),
and 1.8 × 3.0 m; 1793 trees per ha (6 × 10 ft; 726 trees per ac). Trees were planted in
bands consisting of three rows of trees per band, and with a 12 m (40 ft) grass alley located
between each tree band. Thus, after accounting for area occupied by the 12 m grass alley,
the per-ha densities of planted loblolly were roughly half of that stated above for each
spacing. The forage component of this silvopasture is currently dominated by sow thistle
(Sonchus spp.), red clover (Trifolium pratense), and little bluestem. Using secondary literature,
farm records, and CEFS’ farm managers’ preferences, switchgrass and big bluestem, two
common warm-season grasses planted in the southeastern U.S., were selected as grasses to
use for modeling forage production in this research.

As noted, this alley cropped field trial is transitioning into a dairy cattle silvopasture
system. Timber and naturally occurring grasses have already been established. In the
future, dairy cattle are scheduled to begin rotational grazing the site to implement a
silvopasture system. For this research, we estimated economic returns for each timber,
forage, and alley cropping system and various tree spacing, alley spacing, and tree and
grass competition assumptions.

2.1. Field Inventories and Production Data

In 2018, when the trees were 6 years old, a total census of trees within the silvopasture
trial site was conducted. Tree height (ft), dbh (4.5 ft), and crown ratio (percent) were
collected and recorded for each tree. Tree heights and diameters were collected using a dbh
tape and vertex hypsometer. Field data were entered and projected using several individual
tree growth and yield models (FVS, PTADEA, ALLEY 2.0) [26–28], which produced yield
estimations for woody biomass. Of the three models, ALLEY 2.0, which is an alley cropping
financial model, including growth and yield projections, was chosen to provide future
yield projections for timber rotations of 25 years and a thinning in year 12. To synchronize
model growth rates with measured field data, Alley 2.0 was calibrated to match field data
with computer simulated outputs at age 6 for the trees.

Botanical samples were taken from 1-meter square field plots randomly located across
the study site to characterize and quantity the forage present in the silvopasture trial
six growing seasons post-establishment, and naturalist’s notes were taken in the survey.
Representative plants from the field were collected and pressed to preserve and identify
plant species from the site. Inventory notes were also made regarding species composition
and species abundance at the research site.

Based on this preliminary analysis, it was determined that the native forage was
of poor quality. To model a more productive alley cropping system, big bluestem and
switchgrass yields were estimated for the site based on soil analysis, literature review,
and consultation with farm experts and staff at CEFS. These varied somewhat by year but
averaged about 12.5 metric tons/ha/yr (5.6 tons/ac/yr) per year for big bluestem and 10.3
metric tons/ha/yr (4.6 tons/ac/yr) for switchgrass.
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2.2. Timber and Forage Competition Modeling

In addition to modeling timber and forage growth rates, competitive interactions
between timber and forage were analyzed to determine how competition affects forage
yield and overall financial returns of an alley cropping system. Three scenarios were
chosen as a proxy to assess the potential biological interactions between forage and timber,
based on competition functions provided in Frey et al. [28]: competitive (pessimistic),
quasi-complementary (optimistic), and no interaction.

The pessimistic and optimistic production functions were expressed as a proportion
of the expected yield under noncompetitive conditions using length of live crown as the
variable that determines the reduction in yield [28]. A pessimistic interaction suggests that
competition between timber and forage is intense. Over time, canopy closure will reduce
forage yield, leading to reductions in overall revenue, depending on the stand age and
planting densities.

The optimistic scenario suggests low levels of competition between timber and forage.
It is less competitive than the pessimistic scenario and predicts increases in forage produc-
tion at certain years. This assumption comes from the possibility that, at various stages in a
timber rotation, particularly at the start, forages can receive a complementary benefit from
canopy cover [29,30].

The last modeling scenario was that of no interaction scenario. This suggests that
timber and forage are competitively independent. Neither species receives any biological
penalty or benefit from being cultivated together. These three production interactions
served as the basis for the economic analyses and the overall financial revenue of each alley
cropping spacing.

2.3. Economic Analysis

Costs associated with tree planting and establishment were derived from UDSA tree
planting data [31], which lists average establishment cost as being roughly USD 250/ac.
Due to the demonstration site being approximately 50% timber and 50% forage, USD
125/ac was selected to plant establish timber. Forage establishment costs were retrieved
using the 2020 NCSU Crop Science Farm Workbook [32]. Switchgrass establishment
and re-establishment cost was estimated to be USD 420/ha (USD 170/ac) along with a
USD 173/ha/yr (USD 70/ac/yr) annual maintenance cost. Big bluestem establishment
had an estimated cost of USD 716 per ha (USD 290/ac) along with a USD 260/ha/yr
(USD 105/ac/yr) annual maintenance cost. A one-time USD 474 per ha (USD 192/ac)
reestablishment cost in year 12 was implemented for bluestem, as well [32].

For timber prices, average third quarter 2019 stumpage values from Forest2Market
(F2M) were used to determine timber revenues [33]. Stumpage values are assumed as
net revenues, excluding the costs of logging and management. Per-green-ton stumpage
values for each product class were as follows: pulpwood USD 9.83/metric ton (USD 8.92/
short ton), chip-n-saw USD 18.18/metric ton, (USD 16.50/short ton), and sawtimber USD
30.25/metric ton (USD 27.44/short ton). For this model, all forages are sold as baled hay.
Switchgrass was valued at USD 38.58/ metric ton (USD 35/short ton) and bluestem at
USD 44.09/metric ton (USD 40/short ton) based on 2020 USDA data averages [34] and
anticipated forage quality.

The capital budgeting criteria of NPV, LEV, and internal rate of return (IRR) were used
to calculate the financial returns for all systems. NPV refers the total value of an asset,
discounting all future costs and revenues and bringing them to the present, using a given
discount rate. LEV refers to the value of an investment if it were repeated in perpetuity.
IRR is the annual percentage rate of return, which, if used as a discount rate, would make
the NPV and LEV equal to zero [35]. As an example, an LEV of USD 2700/ha indicates
that, based on projected costs, revenues, and the given discount rate, the land would be
worth USD 2700/ha if managed with identical rotations in perpetuity.

NPVs and LEVs were calculated using a 4% discount rate based on timber harvest
volumes with the ALLEY 2.0 package and computer growth simulations, 2019 planting
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costs, and third quarter 2019 timber prices. We calculated the optimal timber rotations
that would maximize the LEV for each tree planting density. We then used ALLEY 2.0 to
analyze returns for the optimistic, pessimistic, and noninteractive tree–grass competition
scenarios and for different widths of the grass alleys between bands of trees—12m, 24m,
and 36.5m (40 ft, 80 ft, and 120 ft).

A common rotation age of 25 years was used for timber monocultures, grass monocul-
tures, and for the silvopasture system to maintain comparability with earlier analyses on
the other silvopasture site at CEFS. The rotation of 25 years corresponds well with most
intensive forest land management practices in the region. In fact, similar to intensive pine
plantation management, silvopasture systems provide several of the biological growth
benefits that can result from regular control of competition vegetation, establishment on
relatively good soils for trees, and wide spacings that allow large crowns and leaf/needle
capture for fast woody biomass production. However, these same growth benefits could
lead to long-term degradation in wood quality due to trees bending at the edge of rows or a
high proportion of knots caused by many large limbs. More research is needed concerning
the timber quality among trees grown in silvopasture systems, but such work is beyond
the scope of this stage of our research efforts.

3. Results
3.1. Botanical Inventory and Biodiversity

Notes taken from field plots indicated that vegetation contained within the research
site, aside from planted loblolly pine, consisted of a combination of woody and herba-
ceous species. Woody and herbaceous species such as poison ivy (Toxicodendron radicans),
sweet gum (Liquidambar styriciflua), horseweed (Erigeron canadensis), and yellow jessamine
(Gelsemium sempervirens) were found in the understory of the tree bands. Sow thistle, red
clover, and little bluestem dominated in the forage alleys. After six growing seasons,
understory plant diversity was higher in the tree bands than in the pasture alleys. When
inventorying the site, field crews observed that plant diversity increased near the edges of
the tree bands and pasture strips, which were exposed to full sunlight, having noticeably
more vines, shrubs, and herbaceous regeneration. While the plant diversity increased
within the trees, the species there were not as good for livestock forage.

A variety of wildlife species were documented at the site by tracks, scat, graze marks,
and sightings. Deer, shrews, moles, snakes, and various birds of prey were observed,
perhaps drawn to more a diverse ecosystem. Based on our observations, the cover and
forage provided by mix of trees and pasture led to more diverse plant species. There
appeared to be more plant and animal species diversity in this field trial and in the prior
silvopasture demonstration area compared to other open pasture areas at the CEFS site.
Future research could be performed to examine this hypothesis.

3.2. Tree Field Data

As noted, field data for tree heights, diameters, and individual tree mortality were
collected for every tree within each tree band. Average diameter at breast height (dbh)
for the 2.4 × 2.4 m (8 × 8 ft) spacing averaged 14.7 cm (5.8 in); 16.1 cm (6.5 in) for the
2.4 × 3.0 m (8 × 10 ft); 16.1 cm (6.5 in) for the 3.0 × 3.0 m (10 × 10 ft); and 17 cm (6.7 in) for
the 1.8 × 3.0 m (6 × 10 ft) (Figure 1). Average height for the 2.4 × 2.4 m (8 × 8 ft) spacing
averaged 7.3 m (24 ft); 8.2 m (27 ft) for the 2.4 × 3.0 m (8 × 10 ft); 7.6 m (25 ft) for the
3.0 × 3.0 m (10 × 10 ft); and 8.2 m (27 ft) for the 1.8 × 3.0 m (6 × 10 ft) (Figure 2).



Sustainability 2021, 13, 11465 7 of 17

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 17 
 

7.3 m (24 ft); 8.2 m (27 ft) for the 2.4 × 3.0 m (8 × 10 ft); 7.6 m (25 ft) for the 3.0 × 3.0 m (10 × 
10 ft); and 8.2 m (27 ft) for the 1.8 × 3.0 m (6 × 10 ft) (Figure 2).  

 
Figure 1. Average Tree Diameter for 12 m Wide Alley Cropped Density Treatments. 

 

16.1 16.1
14.7

17

0

2

4

6

8

10

12

14

16

18

20

3.0m × 3.0m
(1074 Trees/ha)

2.4m × 3.0m
(1346 Trees/ha)

2.4m × 2.4m
(1682 Trees/ha)

1.8m × 3.0m
(1793 Trees/ha)

Di
am

et
er

 (c
m

)

Planting Density (Trees/ha)

Average Tree Diameter by Spacing 

7.6
8.2

7.3

8.2

0

1

2

3

4

5

6

7

8

9

3.0m × 3.0m
(1074 Trees/ha)

2.4m × 3.0m
(1346 Trees/ha)

2.4m × 2.4m
(1682 Trees/ha)

1.8m × 3.0m
(1793 Trees/ha)

He
ig

ht
 (m

et
er

s)

Planting Density (Trees/ha)

Average Tree Height by Spacing 

Figure 1. Average Tree Diameter for 12 m Wide Alley Cropped Density Treatments.

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 17 
 

7.3 m (24 ft); 8.2 m (27 ft) for the 2.4 × 3.0 m (8 × 10 ft); 7.6 m (25 ft) for the 3.0 × 3.0 m (10 × 
10 ft); and 8.2 m (27 ft) for the 1.8 × 3.0 m (6 × 10 ft) (Figure 2).  

 
Figure 1. Average Tree Diameter for 12 m Wide Alley Cropped Density Treatments. 

 

16.1 16.1
14.7

17

0

2

4

6

8

10

12

14

16

18

20

3.0m × 3.0m
(1074 Trees/ha)

2.4m × 3.0m
(1346 Trees/ha)

2.4m × 2.4m
(1682 Trees/ha)

1.8m × 3.0m
(1793 Trees/ha)

Di
am

et
er

 (c
m

)

Planting Density (Trees/ha)

Average Tree Diameter by Spacing 

7.6
8.2

7.3

8.2

0

1

2

3

4

5

6

7

8

9

3.0m × 3.0m
(1074 Trees/ha)

2.4m × 3.0m
(1346 Trees/ha)

2.4m × 2.4m
(1682 Trees/ha)

1.8m × 3.0m
(1793 Trees/ha)

He
ig

ht
 (m

et
er

s)

Planting Density (Trees/ha)

Average Tree Height by Spacing 

Figure 2. Average Tree Heights for 12 m Wide Alley Cropped Density Treatments.
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Tukey’s HSD tests were conducted to investigate statistical differences in height and
diameters. A Tukey’s HSD test is a statistical test similar to that of two-tailed T-test with a
95% confidence interval. The only difference is that mean variation is also measured. In
other words, a Tukey’s HSD test determines both statistical significance and mean variation
with a single test.

No significant differences were found among heights between the 2.4 × 2.4 m (8 × 8 ft)
and 3.0 × 3.0 m (10 × 10 ft) or the 2.4 × 3.0 m (8 × 10 ft) and 3.0 × 3.0 m (10 × 10 ft)
spacings at a 95% family-wise confidence level. Significant differences were found between
the 1.8 × 3.0 m (6 × 10 ft) and 3.0 × 3.0 m (10 × 10 ft), 1.8 × 3.0 m (6 × 10 ft) and 2.4 × 3.0 m
(8 × 10 ft), 2.4 ×2.4 m (8 × 8 ft) and 1.8 × 3.0 m (6 × 10 ft), and the 2.4 × 2.4 m (8 × 8 ft) and
2.4× 3.0 m (6 × 10 ft). On average, the 1.8 × 3.0 m (6 × 10 ft) spacing was approximately
0.6 m taller than the 2.4 × 3.0 m (8 × 10 ft) and 1.8 × 3.0 m (6× 10 ft). The 2.4 × 2.4 m
(8 × 8 ft) spacing had the shortest mean variation, being approximately one meter shorter
than the 1.8 × 3.0 m (6 × 10 ft) and 2.4 × 3.0 m (8 × 10 ft) spacings (Figure 3).
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Figure 3. Tukey HSD Test of Tree Height Differences.

There were no statistical differences in diameter between the 1.8 × 3.0 m (6 × 10 ft)
and 3.0 × 3.0 m (10 × 10 ft) spacings; no difference between the 1.8 × 3.0 m (6 × 10 ft) and
2.4 × 3.0 m (8 × 10 ft); and no difference between the 2.4 × 3.0 m (8 × 10 ft) and 3.0 × 3.0 m
(10 × 10 ft). Statistical differences were found in the 2.4 × 2.4 m (8 × 8 ft) spacing and
3.0× 3.0 m (10 × 10 ft), 2.4 × 2.4 m (8 × 8 ft) and 2.4× 3.0 m (6 × 10 ft), and 2.4 × 2.4 m
(8 × 8 ft) and 1.8 × 3.0 m (6 × 10 ft) spacings (Figure 4).
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Figure 4. Tukey HSD Test of Tree Diameter Differences.

3.3. Timber Yields and Projected Growth Rates

Using the field measurements at age 6 to calibrate the model, ALLEY 2.0 projected that,
over a rotation period of 25 years, timber monocultures established at a 2.4 × 2.4 m spacing
will yield approximately 18.6 metric tons/ha/yr; a 2.4 × 3.0 m monoculture, approxi-
mately 16.0 metric tons/ha/yr; a 3.0 × 3.0 m monoculture, 16.9 metric tons/ha/yr; and a
1.8 × 3.0 m monoculture, 17.4 metric tons/ha/yr (Figure 5). For an alley cropped system
with a 12 m (40 ft) pasture between tree bands, ALLEY 2.0 predicted that a 2.4 × 2.4 m
(8 × 8 ft) tree spacing will yield approximately 13.0 metric tons/ha/yr; a 2.4 × 3.0 m
(8 × 10 ft) spacing will yield 11.9 metric tons/ha/yr; a 3.0 × 3.0 m (10 × 10 ft) spacing,
11.2 metric tons/ha/yr; and a 1.8 × 3.0 m spacing (6 × 10 ft), 12.8 metric tons/ha/yr
(Figure 5).
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Figure 5. Average Annual Growth and Yield Rates for Timber in a 12 m Wide Alley Cropped and Timber Monoculture
Systems.

3.4. Forage and Timber Monoculture Economic Returns

Based on third quarter 2019 stumpage values, timber was estimated to have NPVs
between USD 3196 per ha (USD 1294 per ac) for the 2.4 × 3.0 m spacing and USD 3552 per
ha (USD 1438 per ac) for the 2.4 × 2.4 m spacing. IRRs ranged from 12% to 13% for timber
monocultures at the optimal rotation ages (Table 1). Switchgrass and big bluestem from a
hay cropping system for 25 years were projected to generate USD 2581 per ha (USD 1045 per
ac) and USD 1853 per ha (USD 750 per ac), respectively, along with large IRRs of 54% and
17% (Table 2). Big bluestem did have higher average yields per ha (12.5 tons/ha/yr) and
better prices than switchgrass (10.3/ha/yr) but had greater costs for establishment and
maintenance than switchgrass. These net yields, costs, and product prices led to the better
switchgrass present values.

Table 1. Capital budgeting results for monoculture timber investments per ha, 4% discount rate, USD, 2019.

Spacing (feet) Establishment Cost NPV Optimal SEV Optimal SEV Age IRR

3.0 m × 3.0 m USD 703.46 USD 3458.84 USD 5688.29 22 13.2%
2.4 m × 3.0 m USD 725.19 USD 3196.23 USD 5171.22 23 12.0%
2.4 m × 2.4 m USD 752.07 USD 3550.85 USD 5865.68 21 12.2%
1.8 m × 3.0 m USD 760.96 USD 3295.84 USD 5446.99 21 12.2%

Note: 1 ha = 2.47 ac.

Table 2. Capital budgeting results for planting warm-season grasses per ha, 4% discount rate, USD, 2019.

Forage Type Establishment Cost Maintenance Cost per Year NPV SEV IRR

Switchgrass USD 419.90 USD 172.90 USD 2581.59 USD 419.90 54.0%
Big Bluestem USD 864.50 USD 259.35 USD 1851.34 USD 864.50 17.5%

Note: 1 ha = 2.47 ac.
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In general, all these investment returns as measured by NPV and LEV were greater
for timber than for hay. However, forage had higher IRRs. These differences could be
attributed to the fact that the cash flow returns at a low discount rate of 4% were higher for
timber, but those incomes were received farther out in the future. Hay, however, generated
annual incomes and so yielded a higher rate of return, which is likely to be more attractive
for farmers.

3.5. Integrated Alley Cropping Returns

The integrated returns for mixed grass and tree alley crops for different tree spacings,
alley widths, and competition assumptions are shown in Tables 3 and 4 for switchgrass
and big bluestem grasses. For the base switchgrass scenario of 12 m alleys that was
planted on the field trial, the greatest NPV (USD 3826/ha) occurred with the no interaction
assumption, with 1.8 × 3.0 m spacing (1793 trees per ha), followed by 2.4 × 3.0 m (1346 TPH)
and 2.4 × 2.4 m (1683 TPH) at about USD 3750/ha and with largest spacing of 3.0 × 3.0 m
(USD 3356/ha). For the 12 m alleys, NPVs were consistently less for the optimistic and
pessimistic scenarios of by about USD 400 to USD 1600 per ha, depending on the spacing
and assumption about tree and grass competition. This suggests that, for the narrow alleys,
having more trees, which have higher monoculture returns than grass, will generate higher
financial returns, despite the shade and nutrient competition. This outcome was also the
same for big bluestem narrow alleys, which had even greater financial advantages of no
interaction compared to the optimistic and pessimistic scenarios.

Table 3. Switchgrass Alley–Cropped Competition Modeling Displaying Potential NPV Revenues (USD/ha) in Response to
Tree Density and Competition over 25 years, using 4% discount rate, USD, 2019.

Switchgrass Alley–Cropped NPV Projections (USD/ha)

NPV (12 m Alleyway)
Tree Spacing (m) Pessimistic Optimistic No Interaction

3.0 m × 3.0 m USD 2429.99 USD 2947.38 USD 3356.09
2.4 m × 3.0 m USD 2462.84 USD 2988.43 USD 3752.62
2.4 m × 2.4 m USD 2451.92 USD 2977.54 USD 3741.73
1.8 m × 3.0 m USD 2174.98 USD 2201.91 USD 3825.59

NPV (24 m alleyway)
Tree Spacing (m) Pessimistic Optimistic No Interaction

3.0 m × 3.0 m USD 2428.38 USD 3857.28 USD 2926.97
2.4 m × 3.0 m USD 2459.97 USD 3760.92 USD 3170.94
2.4 m × 2.4 m USD 2397.80 USD 3449.03 USD 3433.84
1.8 m × 3.0 m USD 2194.22 USD 2799.35 USD 3290.86

NPV (36.5 m alleyway)
Tree Spacing (m) Pessimistic Optimistic No Interaction

3.0 m × 3.0 m USD 2192.10 USD 3353.25 USD 2511.20
2.4 m × 3.0 m USD 2278.33 USD 3526.07 USD 2842.25
2.4 m × 2.4 m USD 2469.21 USD 3744.67 USD 3010.07
1.8 m × 3.0 m USD 2111.33 USD 3235.18 USD 2982.82

Note: 1 ha = 2.47 ac.

However, this pattern of independent tree and grass growth (no interaction) and the
most trees per ha being superior did not hold for the wider alleys. With the 24 m and
36.5 m alleys, the optimistic scenario with some complementary tree–grass interaction in
the early years led to the greatest NPVs. Furthermore, wider tree spacing and less trees per
ha also had greater NPVs than denser tree stands in the rows. The pessimistic assumption
of intense tree and grass competition remained the worse alternatives for all tree spacings
but did not differ much regardless of tree spacing or alley width.

Overall, these alley cropping/silvopasture results indicate that discounted present
value returns did not differ greatly among any of the in-row tree spacings examined at
less than USD 500 per ha for any given alley width. The possible differences due to alley



Sustainability 2021, 13, 11465 12 of 17

width appeared to be more variable and larger, at up to almost USD 1000 per ha for the
same tree spacing with different alley widths. The degree of competition among trees and
grass seemed to be the most important variable in determining financial outcomes—and,
unfortunately, the one that we know the least about. Complete Excel summaries of these
analyses are available from the corresponding authors at their respective emails.

Table 4. Big Bluestem Alley–Cropped Competition Modeling Displaying Potential NPV Revenues (USD/ha) in Response to
Tree Density and Competition over 25 years, using 4% discount rate, USD, 2019.

Big Bluestem Alley–Cropped NPV Projections (USD/ha)

NPV (12 m Alleyway)
Tree Spacing (m) Pessimistic Optimistic No Interaction

3.0 m × 3.0 m USD 2050.25 USD 2647.32 USD 3269.88
2.4 m × 3.0 m USD 1941.25 USD 2637.59 USD 3666.42
2.4 m × 2.4 m USD 1930.33 USD 2626.67 USD 3655.50
1.8 m × 3.0 m USD 1518.04 USD 2201.91 USD 3739.38

NPV (24 m alleyway)
Tree Spacing (m) Pessimistic Optimistic No Interaction

3.0 m × 3.0 m USD 2205.46 USD 3597.28 USD 2812.05
2.4 m × 3.0 m USD 2132.85 USD 3452.32 USD 3055.98
2.4 m × 2.4 m USD 1946.85 USD 3058.30 USD 3318.89
1.8 m × 3.0 m USD 1720.18 USD 2799.35 USD 3175.90

NPV (36.5 m alleyway)
Tree Spacing (m) Pessimistic Optimistic No Interaction

3.0 m × 3.0 m USD 1956.44 USD 3111.01 USD 2381.90
2.4 m × 3.0 m USD 2020.58 USD 3261.24 USD 2712.95
2.4 m × 2.4 m USD 2219.00 USD 3487.12 USD 2880.76
1.8 m × 3.0 m USD 1698.52 USD 2908.72 USD 2853.52

Note: 1 ha = 2.47 ac.

4. Discussion

This research performed a bioeconomic analysis of a forage and timber silvopasture
field trial at the Center for Environmental Farming Systems (CEFS) in the Coastal Plain
of eastern North Carolina, U.S. This research builds on a prior trial elsewhere on CEFS
and provides further analyses of the merits of agroforestry and silvopasture systems in the
southern U.S.

After six growing seasons, average tree height was similar for all spacings, ranging
from 7.3 to 8.2 m (24 to 27 ft.). Average diameter at breast height was the smallest for the
2.4 × 2.4 m (8 × 8 ft) spacing, at 14.7 cm (5.8 inches), and similar for the others ranging
from 16.1 cm to 17 cm (6.5 to 6.7 inches) dbh. The 2.4 × 2.4 m timber monoculture
had the largest average volume, at 8.2 tons per ac, (18.3 metric tons per ha), followed
by 1.8 × 3.0 m, 3.0 × 3.0 m, and 2.4 × 3.0 m (6 × 10, 10 × 10 and 8 × 10 ft) spacings.
Understory species diversity was higher in the planted tree bands than in forage alleys, but
the species composition in both areas was not of high value for grazing or hay production.

Our ALLEY 2.0 forest stand simulations, calibrated to the six-year growth, and grass
yields assuming competitive interaction with the trees showed that the trees on the ex-
perimental site had exceptional growth rates due to good soil and fertilizer conditions on
this old field. As a result, timber monocultures generated the highest net present value
per ac at a 4% discount rate, ranging between USD 1334 per ac (USD 3335 per ha) and
USD 1437 per ac (USD 3593 per ha) for this site. Timber returns also were greater than
the monoculture pasture/hay with NPVs of USD 750 per ac (USD 1853 per ha) for big
bluestem to USD 1045 per ac (USD 2581 per ha) for switchgrass. The blended returns of
timber and switchgrass pasture were then intermediate, depending on the proportion of
timber and pasture and the amount of competition assumed.

As noted, the alley cropping/silvopasture results indicate that the spacing of trees
within the bands of trees led to modest differences in net present values given fixed
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alley widths and competition assumptions. The “pessimistic” assumption of intensive
tree and grass competition did lead to consistently lowers NPVs than optimistic or no
interaction assumptions, as one would expect. The degree of competition among trees
and grass seemed to the most important variable in determining financial outcomes—and,
unfortunately, the one that we know the least about. The effect of alley width was more
variable in the optimistic and no interaction assumptions, almost requiring a case-by-case
analysis and inspection to determine the best outcome.

We also should note that our results depend on many inputs and assumptions in the
ALLEY 2.0 Program, including loblolly pine timber growth and yield, grass growth by year,
and competition effects. While each of these three model factors were based on the best
available biological production functions and available scientific literature, each of these
surely have considerable variation and uncertainty by themselves, which would increase
with the interactions in the overall model. Thus, our results and their interpretation need
to recognize this uncertainty, and they seem reasonable but certainly are not absolute.

The higher returns of timber relative to pasture at a low 4% discount rate matched the
findings by Bruck et al. [8] on the other CEFS site. However, they found that including the
production of beef livestock as a separate single product on open fields still had the highest
present values per are of USD 3194 per ha. This indicates that managing beef throughout the
entire value chain on open fields could be most profitable. However, additional research is
needed to assess the returns associated with combining alley cropping of trees and pasture
and the transition to livestock as the trees grow old enough for rotational grazing.

One intermediate mechanism that has been proposed, especially for dairy cattle, is the
cut and carry system, where forage is cut from fields or alley cropping and carried in loose
bundles on wagons to cattle in barns or small paddocks [36]. This has been considered at
CEFS, but managers have decided not to do this with the possible pine needle–hay forage
mixtures. However, cattle have grazed in southern pine stands for decades, so cut and
carry should be feasible. It would need more evaluation, perhaps with hardwood trees as
well, before it is implemented in the South.

Further research on how such integrated systems impact product market risk and
environmental benefits is desirable, as well. Farming risk can be substantial. Traditional risk
reduction through diversification might simply include a farm mosaic approach including
two or more annual crops whose yearly price and yields are relatively uncorrelated [37].
Since alley cropping systems such as the one modeled here still have only one annual
crop component, year-to-year risk may not be reduced significantly [38]. However, alley
cropping can lower risk in other ways. Alley cropping systems tend to buffer against
catastrophic crop losses, which may become more prevalent with climate change [39].
Inclusion of a timber component allows the producer to have flexibility in the length of
the timber rotation, potentially choosing to harvest when timber prices are high [40] or to
compensate for other losses or household needs. Finally, although we generally assumed
somewhat competitive interactions between trees and forage in this research (though the
optimistic scenario includes a short period of slight complementary effects while trees are
young), other research has found that complementary interactions can boost agroforestry
expected returns above those of traditional diversified farm mosaic with no increase in
risk [40]. Such could be the case for silvopastures that boost livestock productivity by
reducing heat stress [41].

Research on ecosystem services of agroforestry systems in temperate North America
is somewhat scarce relative to other parts of the world. Relevant research that has been
conducted suggests that silvopasture systems can sequester more carbon and capture
excess nutrients relative to open pastures [42–47]. Future research can explore how these
ecosystem services and others, including biodiversity, vary relative to various potential
management regimes and how emerging markets for those services could impact returns
and risks. However, the potential environmental benefits of agroforestry will be irrelevant
if producers do not adopt the system. Key barriers to adoption of agroforestry are lack
of familiarity with potential financial benefits and lack of knowledge about management



Sustainability 2021, 13, 11465 14 of 17

prescriptions [4,48]. Our research provides a step toward filling those gaps by providing
financial comparisons of agroforestry to conventional land management and by assessing
the impact of tree spacings.

Animal welfare benefits research also is important. While not modeled here, livestock
may fare well under light tree canopy covers, even with less grass, because they lose less
body weight from heat and stress and spend more time grazing than resting, even if there
is slightly less grass [29]. Dairy cattle in silvopasture systems may also produce as much or
more milk, have better reproduction rates, and thus have more ability to be certified for
good animal welfare practices or natural system dairy products [19].

The growth rates for loblolly pine produced by our ALLEY 2.0 model are at the upper
end of typical ranges for North Carolina and much of the U.S. South. For instance, drawing
from Cubbage et al. [49], updated with 2020 forest management costs, the returns for a
medium intensity loblolly pine investment with growth of 10 m3/ha/yr (4 tons/ac/yr)
would only have an NPV of USD 687 per ha, or a LEV of USD 1100 per ha at the 4% discount
rate (USD 275/ac and USD 440/ac), respectively. Loblolly pine often grows relatively fast
on old-field sites, but the lower growth rates for typical forest lands reported in Cubbage
et al. [49] indicate that the grass returns calculated here usually would be greater than
returns from loblolly pine timber production. This suggests that some incentives might be
necessary to attract landowners to use silvopasture systems.

For this second CEFS trial, timber monocultures had higher NPV/LEV returns at 4%
discount rate, whereas pasture monocultures had higher IRRs. Silvopasture had NPVs and
LEVs that were intermediate between the two. NPV/LEV maximization is the optimal
strategy for an entity with access to capital at a fixed interest rate (the discount rate) but
relatively constrained amount of land. IRR maximization is the optimal strategy for an
entity with relatively limited capital but availability of land [35]. It should also be noted
that the 1.8 × 3.0 m (6 × 10 ft) tree spacing and big bluestem forage treatment saw negative
financial returns at then 4% discount rate over the 25-year rotation age, indicating that
higher tree densities can be detrimental to forage returns.

Our findings are congruent with those reported in Bruck et al. [8] whereby timber
monoculture returns were greater than pasture returns, indicating that silvopasture blends
can be attractive for farms. However, southern average timber financial NPV returns [27]
would be about equal to or less than pasture returns. As such, converting pastures to
silvopasture may not be a financially attractive option in many areas of the South. Thus,
financial incentives such as Farm Bill conservation programs or compensation for the
broader ecosystem services in silvopasture systems may be necessary to attract landowners
to silvopasture.

The alley cropping and silvopasture returns in general will depend on the comparative
returns for each component of the system, the blend of the two or more components, and
competition or complementarity between the joint products. We examined three degrees
of competition from intense to none but did not explore the possibility that forage grass
and trees could be complements and produce more of both products without reducing the
output of either. We do hypothesize that there could be small levels of trees, such as 5%
to 25% of the area of the silvopasture system, where complementarity could exist. This
possibility should be examined in future research.

Our results imply that silvopasture might be a viable alternative to monoculture pine
plantation, pasture, or row-cropping systems for entities for which land and capital are
both limited to a similar degree. Such could be the case for small-scale, limited-resource
landowners who have a relatively small parcel of land and relatively little access to personal
financing or loans.

5. Conclusions

Based on empirical measurements, literature review, managers’ opinions, and com-
puter modeling, the biological and financial tradeoffs of an intercropped loblolly pine
and warm-season grass system in North Carolina were determined. For this field trial
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site, timber was the most profitable investment in terms of net present value for 25 years
period, ranging from USD 3196.18 to USD 3551.86 per ha (USD 1294 to USD 1438 per ac).
The modeled high productivity of timber is likely influenced by decades of fertilizer and
corresponding agricultural management activities. Discounted switchgrass alley-cropped
treatments usually were less profitable, with NPVs ranging from USD 2173.60 to USD
3826.03 per ha (USD 880 to USD 1549 per ac) depending on the tree spacing and degree
of competition. The 2.4 × 3.0 m (8 × 10 ft) tree spacing for switchgrass alley crop had
the best returns of the silvopasture treatments for an optimistic tree–grass interaction
scenario with 24 m alleys. Using the ALLEY 2.0 model, the assumptions about the degree
of competition between trees and grasses was the most important factor affecting NPVs.
Either alley spacing or tree spacing was second or third most important in determining
financial returns, but which one varied depending on the competition effects assumption.

Based on subsequent sensitivity analyses, alley cropping could become an optimal
management choice when timber prices drop between 20% to 25% or if forage prices
increase 10% to 15% of our original price assumptions. We also noted that higher discount
rates—or internal rate of return as a capital budgeting criterion—would favor grasses,
which have much sooner annual returns than waiting for timber harvests.

Many more long-term silvopasture experiments will be necessary to properly an-
alyze a diversity of silvopasture systems that include the complex integration of trees,
crops, grasses, and livestock and integrated production functions and competition effects.
Nonetheless, this silvopasture trial has contributed to the growing body of evidence that
alley cropping with forage and trees can serve as a financially competitive management
option for landowners. It can also help landowners diversify their income sources and
reduce single product market risks, as well as provide many ecosystem benefits discussed
in the literature. Last, it certainly suggests that individual land management analyses,
management decisions, and varied practices will be needed, since we could not make
universal generalizations about what factor determined financial returns the most. There
is a wealth of needs and opportunities for research, extension, land management, and
professional advice to be developed to implement these alley cropping and silvopasture
practices in the future.
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