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Abstract Over-yielding in an intercropping system

occurs when the productivity of the intercrop exceeds

the overall productivity of the systems managed in

segregation. The objective of this systematic review

was to calculate the over-yielding of silvopastures

compared to open pastures and forests, timber plan-

tations, or orchards managed separately. A literature

search was completed for comparisons of the produc-

tivity of these practices in temperate regions. Data

collected from these studies included mean yields of

timber or non-timber forest products, forages, and

livestock, as well as the characteristics of the study

site. Silvopasture practices improve the productivity

of land typically managed separately for pasture or

trees by 42–55%, depending on whether the produc-

tivity of the pastures is measured by livestock or

forage output, respectively. In most cases, over-

yielding occurred despite a reduction in individual

forage, livestock, or tree productivity in the silvopas-

tures. Calculating confidence intervals around these

means was not feasible because standard errors were

largely not reported or available. Some assumptions

were made about the actual productivity of timber or

non-timber forest products. This work illustrates the

significant level of over-yielding that may be achieved

by integrating trees, forages, and livestock into a

single production system.

Keywords Silvopasture � Yield � Production �
Forage � Livestock � Tree

Introduction

Integrating trees with pastures for livestock is an

intensive practice (Sharrow et al. 2009). The manager

of such a combination must protect trees from

potential damage by livestock, but also periodically

prune or thin the trees to maintain enough forage

production in the understory to sustain a herd or flock

of animals (Robinson and Clason 2000; Lehmkuhler

et al. 2003). When water is scarce during droughts,

established trees may vigorously compete with the

forages for water resources (Karki and Goodman

2015), although this may not result in a reduction in

forage growth under some conditions (DeBruyne et al.

2011). In a similar way, competition for light may

reduce forage growth underneath trees when the days

are short or when the sky is overcast for prolonged

periods of time (Feldhake et al. 2005). To sustain long-

term forage production and persistence, the manager

must alter the livestock stocking management typi-

cally employed in open pastures to apply appropriately
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to the silvopastures (Belesky 2005a, b; Neel and

Belesky 2017). Besides managing competitive inter-

actions between the components of these complex

systems, the manager must be well versed in the care

and production of two different crops—forages and

trees—in addition to livestock. Managing the com-

plexity of silvopastures is a challenging task for the

land manager.

Nevertheless, the complexity of silvopastures also

presents an opportunity for greater land productivity.

Within an intercropping system—where two or more

crops are managed in the same space at the same

time—there are a number of interactions occurring

between the components of the community. These

interactions may have negative implications for one or

more members of the community. The plants within a

silvopasture—forages and trees—will compete

directly for available resources, such as light and soil

moisture and nutrients. Competitive interactions are

often perceived as a primary hindrance to the success

of a silvopasture system (Workman et al. 2003).

However, interactions may also have some beneficial

effects on one or more members of the community.

One example of a common facilitative effect in a

silvopasture is the cooling effect of trees on the body

temperatures of grazing livestock during the summer-

time (Pent et al. 2018). Another example would be the

contribution of nitrogen from nitrogen-fixing black

locust trees (Robinia pseudoacacia L.) to forage plants

through decomposing leaf litter (Feldhake et al. 2008).

A common goal for the silvopasture manager is to

manage for facilitative interactions over competitive

interactions.

Greater system productivity may also be realized

through improvements in resource use efficiency.

Mixtures of different plants or animals may utilize

resources in different spaces, at different times, and

through divergent mechanisms, a phenomenon known

as niche partitioning. Tree and forage species that can

utilize resources in different zones within the soil or at

different seasons of the year are often good candidates

for a silvopasture system (Schroth 1998). Through

facilitative interactions and improved resource use

efficiency, intercropping practices may be more

productive per land unit area than practices where

crops are grown separately. The potential for greater

productivity in silvopastures has been cited as a

compelling reason to merge pasture-based livestock

production with silviculture (Sharrow et al. 1996).

The Land Equivalency Ratio (LER) is a mathemat-

ical tool for understanding the value of intercropping

practices relative to production practices that are

managed in segregation (Vandermeer 1981). By

calculating the LER of a silvopasture, one may

determine how productive a silvopasture is relative

to open pastures and forests managed separately. The

LER is calculated by the summation of two ratios: A.

The productivity of forages or livestock in the

silvopasture to the productivity of forages or livestock

in a comparable open pasture; and B. The ratio of

productivity of timber or tree crops in the silvopasture

to the productivity of timber or tree crops in a

comparable forest, woodlot, or orchard. Only the units

of measurement within each ratio must be equivalent,

allowing for a comparison of multiple goods that are

typically measured in distinct ways.

While some attempts have been made to quantify

and compare LERs within single studies, there is no

comprehensive meta-analysis of the LER of silvopas-

ture practices as compared to segregated production

practices. Intercrops generally have been cited to be

more productive than crops managed separately

(Vandermeer 1981; Hiebsch and McCollum 1987).

Knowing by how much more and under what condi-

tions silvopastures are more productive is valuable

information for the land manager interested in estab-

lishing these intensive systems. The objective of this

systematic review is to summarize the LERs of

silvopastures in temperate regions. Studies included

in this review will provide comparisons of productiv-

ity in silvopastures to productivity of similar pastures

and forests, timber plantations, or orchards managed

separately.

Materials and methods

Data collection

A systematic review allows for the synthesis of the

results from a number of studies through an objective

process. The PRISMA methodology and flow were

followed for this review (Moher et al. 2009). For the

purposes of this review, silvopasture was defined as a

system where, ‘‘Trees and livestock are combined with

improved pasture plants to form a carefully designed

system that is an integration of intensive animal

husbandry, silviculture, and forage agronomy

123

1742 Agroforest Syst (2020) 94:1741–1758



practices’’ (Sharrow et al. 2009). Forest grazing and

similar rangeland-management practices did not meet

these criteria and thus were excluded from the scope of

this review. The objective of this review was to

compare the productivity of forages and livestock in

open pastures and timber or non-timber forest products

in forests, timber plantations, or orchards to the

productivity of those same components in comparable

silvopastures. Studies included in this review must

have reported productivity data of forages or livestock

or both in silvopastures and open pastures. Studies

must also have reported productivity data of trees in

silvopastures or conventional silvicultural systems. If

true comparisons to conventional pasture or silvicul-

tural systems were not provided within each study,

studies were included if the authors provided a

reasonable opportunity through site descriptions to

assume certain levels of production in the conven-

tional systems or alternative manuscripts provided the

missing data from each study. This review only

compared productivity in temperate silvopastures

due to large differences in the definitions and charac-

teristics of temperate versus tropical agroforestry

systems.

A comprehensive search for relevant articles was

completed using CAB Direct (Centre for Agriculture

and Bioscience International, Oxfordshire, United

Kingdom, 1920–2019). The literature search was

completed in March 2019. The keywords used in this

systematic search included terms for describing a

silvopasture, terms for describing agricultural or

forestry production, and terms for livestock or forage

production (Table 1). Some exclusionary terms were

also included to exclude a large number of studies

from tropical regions, which were beyond the scope of

this review. This included species of plants that are

frequently found in tropical silvopasture systems, but

not in temperate silvopasture systems.

Studies were screened through a stepwise process.

After identification through the database search, titles,

abstracts, and keywords were analyzed to determine if

each study met the criteria for this review. Only peer-

reviewed journal articles or book chapters written in

English were selected for further analysis. If they

appeared to meet the criteria, the full text of each

article was reviewed for eligibility. An additional six

records of a recent publication date that had not be

identified through the search, but that had been

identified through previous knowledge of silvopasture

research were included in the screened records.

Production data were extracted from tables if

provided in the selected articles. If data were only

available from figures, they were extracted with the

GetData Graph Digitizer (GetData Graph Digitizer,

version 2.26.0.20, Fedorov S, Russia). Information

recorded from each of these comparisons included

country where the study site was located, tree species,

predominant forage species, and livestock species, if

applicable. Mean productivity values of pasture or

silvicultural production metrics were collected and

recorded from each study. Mean standard errors were

also collected if available and reported in the text,

tables, or figures. Reported standard deviations (SD)

were converted to standard error (SE) by:

SE ¼ SD=
p

nð Þ;

where n is the sample size. Reported LSD values

(a = 0.05) were converted to SE by dividing the LSD

by three.

Metrics related to tree productivity varied widely

across articles, including measures related to tree

height or diameter, basal area per hectare, trees per

hectare, and biomass yield per hectare. Metrics related

to forage production were reported or converted to a

dry matter basis yield per hectare or a percent of the

productivity of a conventional open pasture. Metrics

related to animal production were reported in some

cases as both individual animal yield, including both

weight gains for cattle or sheep and fleece weights for

sheep, and stocking rates or carrying capacities per

Table 1 Terms used in

systematic search of

database

Search string Statement Search terms

1 Includes Silvopasture OR silvopastoral

2 Includes Production OR productivity OR yield

3 Includes Forage OR livestock OR animal OR cattle OR sheep OR goat

4 Excludes Tropical OR tropic

5 Excludes Brachiaria OR leucaena OR eucalyptus
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year of both cattle or sheep. All comparisons of a

single product within studies were converted to the

same metric of productivity. However, because total

system productivity is compared between products

and articles on a ratio basis (no units), the unique

metrics utilized within each individual study have no

influence on the overall assessments.

As a result of varying quality in control treatments

available to compare to silvopastures in each record, a

brief description of how or which controls were

utilized was included for each study, as well as the

assumptions that were made to make these

comparisons.

Data analysis

A comparison of LERs was made to determine the

system productivity of silvopastures compared to open

pastures or forests managed separately. The produc-

tion of each component (tree, forage, and/or livestock)

within a silvopasture was compared to the production

of that same component either within the open pasture

or forest comparisons using the ratio of the former to

the latter. These ratios were summed to calculate a

separate LER for either forage or animal production or

both, if applicable:

LERForage ¼ Tree yieldSP=Tree yieldF

þ Forage yieldSP=Forage yieldP;

LERanimal ¼ Tree yieldSP=Tree yieldF

þ Animal yieldSP=Animal yieldP;

where F signifies productivity in a forest, timber

plantation, or orchard comparison, P signifies produc-

tivity in an open pasture comparison, and SP signifies

productivity in the silvopasture treatment.

Results

Study selection process

A total of 862 records were identified through this

search plus the additional six articles included based

on prior knowledge of the literature (Fig. 1). These

additional articles were recently published, which may

be why they were not identified in the initial search.

Most of the records that were identified in the initial

search were excluded because they did not report

actual production numbers from silvopastures or

because they featured studies completed in tropical

regions. Thirty-eight full-text articles were assessed

for eligibility. Twenty-two articles were included in

the quantitative synthesis. Of the full-text articles

assessed for eligibility, two were excluded because

they did not include an open pasture control (Oswald

et al. 2017; Pearson and Baldwin 1993), a forest or

timber plantation control (Silva-Pando et al. 2002), or

both (Debruyne et al. 2011; Ares et al. 2006; Lopez-

Diaz et al. 2009; Morris and Clason 1997; Perry et al.

2009; Devkota et al. 2009; Fernandez-Nunez et al.

2014; Folkard et al. 2012; Houx et al. 2012; Lehmkuh-

ler et al. 1999; Lewis 1989; Lindgren and Sullivan

2014; Lindgren et al. 2017) and no reasonable

assumptions about the productivity of such controls

were provided by the authors.

Characteristics and assumptions of selected

records

The general approach was to standardize metrics

reported by the selected studies. This required some

unit conversion as well as some assumptions described

as follows for each study.

In Anderson and Moore (1987), the productivity of

trees in the medium and light density plantings were

both compared to the high density planting, which was

included as the forest control. Animal productivity

was converted to yearly fleece weight per hectare

using year-seven fleece weights and the mean yearly

carrying capacity of the pastures.

Angima et al. (2010) compared forage production

under two types of thinned Douglas-fir (Pseudotsuga

menziesii [Mirb.] Franco) forests. These forests had

been thinned using a conventional pre-commercial

thinning procedure, and thus trees per acre was

considered equivalent between the forest and sil-

vopasture alternatives. Forage yield was determined

by the mean yield reported at three locations within

each silvopasture treatment.

Bambo et al. (2009a, b) compared open pastures to

two types of silvopastures in which either several tree

rows were removed to establish forages in 15.24-m

alleyways (double-row configuration) or every 4th

row was thinned along with additional selection

thinning (random configuration). The resulting sil-

vopastures contained 225 trees ha-1 while a nearby
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forestry control contained 464 trees ha-1 (Bambo et al.

2009c). Individual tree growth was assumed to remain

constant between silvopastures and open pastures.

Bird et al. (2010) included both open pasture and

forested controls. Bark-free 6-m butt-log measure-

ments were reported at year 25. Sheep liveweight

gains ha-1 were extrapolated from the regression

analysis in this study on a yearly basis for the first

25 years compared to the mean gains of the open

pasture during the same time. Forage yields in the

silvopasture were reported as a percentage of the open

pasture forage yields in years 9–14.

Buergler et al. (2005) compared forage production

under low-density tree plantings to medium- and high-

density plantings. The trees were young (7–8 years

old) and so forage production under the low-density

tree plantings was assumed to be equivalent to the

production of an open pasture. A conventional nut

orchard in this region is assumed to contain 245 trees

ha-1 at a 1.8-m and 3.7-m within- and between-row

spacing, respectively. Based on tree spacing, the

medium- and high-density plantings contained 61%

and 27% fewer trees, respectively.

Burner and Brauer (2003) compared forages under

three different tree spacings when the trees were

6–7 years old. When the trees were 14 years old,

Burner et al. (2011) measured the volume of the same

trees. The tree measurements within the respective

silvopasture treatments were compared to the tree

measurements collected from a 1.2-m and 2.4-m

within- and between-row spacing plantation.

Clason (1999) did not directly compare forage

yields in the silvopasture to an open pasture. However,

the yields of Coastal bermudagrass (Cynodon dactylon

cv. Coastal) were compared to forage yields of the

same cultivar collected during the same time in

similarly managed open pastures nearby (Eichhorn

et al. 1983). Merchantable volume was compared

between silvopasture and open pasture treatments

when the stand was 31 years old.

Fannon et al. (2017) did not include an orchard

comparison alone, but the spacing of these 13–14 year

old trees resulted in an estimated 250 trees ha-1

stocking density, which would be similar to the

stocking density of a conventional orchard planting.

Feldhake et al. (2008) harvested strips of forages at

distinct points within alleyways (12 m between tree

rows). Because the tree canopy width was only 5 m,

the centermost harvest was considered the open

pasture comparison for forage yields, whereas the

silvopasture yield was considered the mean of all six

harvest points within the alleyways. Total trees per

hectare in the silvopasture layout was compared to the

Fig. 1 Systematic screening process for eligibility of articles included in the review based on the PRISMA Flow Diagram (Moher et al.

2009)
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planting density within a conventional planting design

with a 2.4-m between-row spacing.

Feldhake et al. (2010) measured forage production

underneath a thinned hardwood forest. The level of

thinning in this stand and thereby the subsequent tree

basal area was assumed similar to what would have

been completed in a typical timber thinning in this

region. Forage production in the silvopasture two

years following the establishment of the forages and

soil amendment applications was compared to forage

production in a nearby open pasture that had been

managed as such for several decades.

Ford et al. (2017) compared cow and calf average

daily gains (ADG) in open pastures and silvopastures

which had been thinned from existing forest stands.

The mean ADGs of cows and calves in each system

were added for total ADG of all cattle in each pasture

type. The basal area of trees within the silvopastures

was compared to that of trees in comparable

woodlands.

Kallenbach et al. (2006) did not compare timber

production in the silvopastures to a control open

pastures. For the purposes of this analysis, the

silvopasture was assumed to have half of the number

of trees in a plantation-style planting with 3- 9 3-m

spacing.

In the case of Kallenbach et al. (2010) the planting

density of the trees was assumed to be the same as an

orchard-style planting (Reid et al. 2009).

Karki et al. (2009) measured clover aboveground

dry matter production in silvopastures and open

pastures. The within- (1.82-m) and between-row

(3.04-m) spacings were assumed to be similar to the

spacing utilized in a conventional plantation-style

planting (South 2006). However, with 12.2-m wide

alleyways, the silvopasture would only contain 60% of

the trees of a pine plantation with this configuration.

Lewis et al. (1983) compared two grid-style

planting configurations (3.7- 9 3.7-m and 6.1-

9 6.1-m spacings) of slash pine (Pinus elliotti

Engelm.) in both a silvopasture and forest plantings.

Wood yield was reported 20 years after planting. The

total liveweight gains of cattle stocked on these

silvopastures and open pastures was reported for years

5–19. The mean yearly production of cattle over this

period was multiplied by four and added to the sum of

the latter 15 years of liveweight gains to account for

the initial years of the silvopasture establishment

phase.

McAdam and Hoppe (1997) compared lamb carry-

ing capacity and liveweight gains in sycamore (Acer

pseudoplatanus L.) silvopastures compared to open

pastures. Because there were no differences in sheep

carrying capacity between the systems, mean lamb

growth was compared between all systems. Two types

of silvopastures containing either 100 trees ha-1 or

400 trees ha-1 were compared to a woodland control

with 2500 trees ha-1 (Sibbald and Daiziel 2000). No

tree measures were reported so the stocking rate of

trees per hectare was defined as tree productivity in

this analysis.

Three years after applying soil amendments and

establishing forage underneath a thinned hardwood

forest, Neel and Belesky (2017) compared forage

productivity in this silvopasture to forage productivity

in an established nearby pasture that had been

managed as such for several decades. The initial

thinning was assumed to be comparable to a commer-

cial thinning in a typical hardwood forest, and so the

mean diameter at breast height was considered the

productivity of the hardwood forest comparison. The

diameter at breast height ha-1 following the final

thinning one year prior to when forage and animal

production were measured was considered the timber

production of the silvopasture. Lamb stocking rates

were adjusted based on forage availability in the

pastures, but were not reported. Lamb production was

calculated in this analysis as the product of the ADG of

the lambs by the ratio of forage production in the

silvopastures to the forage production in the open

pastures.

Orefice et al. (2016) measured and compared forage

productivity in silvopastures and open pastures after

thinning or removing all the trees in a woodlot to

develop the respective treatments. The authors con-

sidered the thinning of the forest for silvopasture

similar in degree to a conventional thin for a managed

woodlot.

Pent and Fike (2018) measured forage and lamb

productivity in the same silvopastures as Fannon et al.

(2017), but seven years later and after the trees had

been thinned to 90 stems ha-1. This spacing was

assumed in this analysis as comparable to a conven-

tional, mature black walnut (Juglans nigra L.) or

honeylocust orchard (Gleditsia triacanthos L.) (Reid

et al. 2009). Lamb productivity for each system was

reported as the ADG of the lambs multiplied by the

stocking rate of each type of pasture.
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Sharrow et al. (1996) compared forage production

in both open pastures, silvopastures, and timber

plantations. Forages were only sown in the open

pasture and silvopasture treatments, although forage

production was reported for all three treatments. As a

result, forage production in the silvopastures was

compared to the sum of herbage production from both

pastures and forest plantings. Two tree arrangements

were compared, included grid-plantings and cluster-

plantings.

Teklehaimanot et al. (2002) reported the lamb

carrying capacity and the growth rates of the lambs in

several types of silvopastures and open pastures. The

yield of the systems was considered the product of the

carrying capacity and the growth rate (in kg). In a

similar way, the DBH of the trees and the trees

hectare-1 were reported. Thus, timber productivity

was calculated in this analysis as the product of mean

tree diameter in meters by the number of trees

hectare-1.

Results and synthesis of studies

These compiled studies report production character-

istics from a wide variety of locations across the

temperate regions of the globe, but the majority of the

work in this analysis was collected within the United

States (Fig. 2). The trees used in the studies were

primarily coniferous. Comparisons of hardwood trees

grown traditionally for timber were more common

than comparisons of hardwood trees grown for non-

timber forest products, such as nuts (e.g. black walnut)

or pods (e.g. honeylocust). The forages in half of the

studies consisted of perennial, cool season forage

species. Systems utilizing annual forages were less

common than pastures managed for perennial forage

species. Sheep were the dominant livestock present in

the comparisons that measured animal productivity.

Seven studies made direct, replicated comparisons

between both open pasture productivity and forest

productivity to productivity of forages or livestock and

trees in silvopastures (Sharrow et al. 1996; Orefice

et al. 2016; Ford et al. 2017; Bird et al. 2010; Clason

1999; Lewis et al. 1983; Teklehaimanot et al. 2002).

The tree productivity estimates for two studies (Burner

and Brauer 2003; McAdam and Hoppe 1997) came

from additional publications of data collected on the

same sites (Burner et al. 2011; Sibbald and Daiziel

2000). Three studies had no open pasture control. In

two cases, the middle of the alleyways in the

silvopastures or low density plantings were far enough

from trees such that a forage harvest at this location

was considered the control (Feldhake et al. 2008;

Buergler et al. 2005). In the other case, the author

(Clason 1999) compared forage yield in the silvopas-

ture to forage yields from a similar site (Eichhorn et al.

1983).

Tree productivity metrics were variable between

studies (Table 2), and included measures of trees per

unit of area (trees ha-1),volume production per unit of

area (m3 ha-1), basal area per unit of area (m2 ha-1),

diameter at breast height per unit of area (m ha-1), and

predicted total biomass per unit of area (kg ha-1).

(a)

(c)

(d)

(b)

Fig. 2 Characteristics of compiled studies: a Countries where

comparisons were made; b type of livestock in studies that

reported animal performance in silvopasture and open pasture

comparisons; c Type of trees in silvopasture and conventional

silvicultural comparison; d type of forages in silvopasture and

open pasture comparison
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Forage productivity metrics were generally reported

as total yield per unit of year (kg ha-1), although this

may have been defined as either mean yield per cutting

or per year. In one case, forage yield in the silvopasture

was reported as a proportion of the yield in an open

pasture (Bird et al. 2010). Livestock production was

reported as liveweight gains of animal per unit of area,

animal, year, or day, except in a single case where

livestock production was reported as fleece weight per

unit of area (Anderson and Moore 1987).

There were only two studies that reported that the

yield of forages harvested from a silvopasture

exceeded the yield of forages harvested from an open

pasture (Pent and Fike 2018; Buergler et al. 2005).

Several studies reported livestock productivity in

some silvopastures to be greater than livestock

productivity in open pastures, although these were

marginal differences and in most cases were not

reported as significantly different (Fannon et al. 2017;

Pent and Fike 2018; McAdam and Hoppe 1997;

Teklehaimanot et al. 2002). Three studies reported tree

productivity in some silvopastures to be greater than

tree productivity in control timber plantations (Shar-

row et al. 1996; Clason 1999; Lewis et al. 1983).

All of the LERs based on forage and tree production

exceeded one (Table 3). All but one study reported

LERs based on animal and tree production that were

greater than one. Within the anomalous study, two out

of the three compared silvopasture systems were less

productive than conventional systems where sheep

and trees were managed separately (Bird et al. 2010).

In several cases, the calculated LERs exceeded two

(Fannon et al 2017; Pent and Fike 2018; Clason 1999).

The mean LER based on forage and tree production

was 1.52 (SE = 0.04), and the mean LER based on

animal and tree production was 1.44 (SE = 0.07).

Based on this review, it would take around 0.71 ha of

forest, timber plantation, or orchard plus 0.80 ha of

pasture to equal the production from one hectare of

silvopasture (Fig. 3). Similarly, one hectare of sil-

vopasture would produce the same amount of live-

stock and silvicultural products as 0.74 ha of pasture

and 0.70 ha of forest (Fig. 3). The distribution of LER

values was greater when livestock production was

used as the metric of open pasture productivity than

when forage yield was used as the metric of open

pasture productivity (Fig. 4).
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Discussion

Land productivity of silvopastures

As conventional agricultural systems strain to produce

enough food, timber, and fiber to sustain a rapidly

growing population in a sustainable manner (Tilman

et al. 2011), the significantly greater production

potential of temperate silvopasture practices warrants

close consideration. The improved productivity of the

silvopastures compared to conventional, segregated

silvicultural and agricultural practices reported in this

systematic review is similar to or better than the

greater productivity observed in other intercropping

practices, including both food-crop intercropping

practices (Hiebsch and McCollum 1987; Ouma

2010; Aziz et al. 2015) and forage intercropping

practices (Hiebsch and McCollum 1987). Based on the

results of this review, silvopastures provide an oppor-

tunity to improve the productivity of land typically

managed as pasture or forest alone by 42–55%.

In addition, agroforestry practices, including sil-

vopasture, are often cited as being more environmen-

tally beneficial and culturally acceptable than

alternative, conventional practices (Jose et al. 2019;

Torralba et al. 2016). Improved resource utilization

results in less nutrient loss from the pasture and

therefore improvements in water quality (Boyer and

Neel 2010; Michel et al. 2007). Silvopastures

sequester more carbon than pastures or forests alone

(Sharrow and Ismail 2004; Montagnini and Nair

2012). The beneficial buffering effect of trees on

climatic extremes for livestock and forages is often

considered a primary benefit of silvopastures by those

who have adopted these practices (Orefice et al. 2017).

The greater biodiversity within silvopastures is also

appreciated by landowners and the general public

(Lawrence et al. 1992). When coupled with greater

productivity, the environmental and social sustain-

ability of silvopasture practices makes these practices

particularly appealing.

It is possible that this greater productivity will come

at a cost of higher labor demands, managerial consid-

erations, and inputs. These requirements are an

important consideration for those interested in

improving the productivity of their land. For example,

trees in silvopastures may need to be pruned regularly

to improve the value of the timber, while trees in

traditional forest plantings may self-prune (Ares and

Brauer 2005). In addition, landowners familiar with

silvopasture practices cite the uncertainty of global

livestock and timber markets and the risk of long-term

investments as concerns when considering silvopas-

ture adoption (Shrestha et al. 2004). However, the

inherent product diversity of silvopastures can have a

stabilizing effect on farm income (Shrestha et al. 2004;

Husak and Grado 2002). The cash flow of silvopas-

tures is also much improved compared to forestry

operations alone due to the annual returns of the

livestock operation (Grado et al. 2001). Overall,

silvopastures may be more or less profitable than

conventional agricultural and silvicultural practices

(Clason 1999; Husak and Grado 2002; Grado et al.

2001; Stainback and Alavalapati 2004; Bruck et al.

2019). It is clear that silvopasture practices are very

productive, but the profitability of these practices will

depend on the valuation of silvicultural and agricul-

tural products and inputs required to successfully

maintain these high levels of production.

Tree productivity in silvopastures

Coniferous trees were the most common of the types

of trees used in these reviewed silvopasture practices.

These trees are relatively fast growing, and thus

conifer-based timber operations may be more produc-

tive than hardwood-based timber operations in some

regions (Bruck et al. 2019). Coniferous trees may also

be less sensitive to potential damage from the presence

of grazing livestock (Sharrow et al 2009; Klopfenstein

et al. 1997). Livestock will avoid browsing on conifers

if alternative forages are available (Doescher et al.

1987). In some cases, coniferous trees may have more

upright canopies that intercept less light than the

canopies of hardwood trees (Sharrow et al. 2009).

Hardwood trees may be selected for a silvopasture

over coniferous trees for a number of reasons includ-

ing the production of valuable timber and non-timber

forest products. Non-traditional products from trees,

such as honeylocust pods, have considerable potential

as a nutritious feed for livestock (Pent and Fike 2018;

Johnson et al. 2013, 2012). Hardwoods may also be

selected for a silvopasture because they are adapted or

already present at a site (Ford et al. 2017; Orefice et al.

2017). When thinning a forest to create a silvopasture,

the manager’s ability to select trees is limited by the

species of trees present in the stand, while the manager

has more trees available for selection when planting
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Table 3 Land equivalency ratio (LER) in compiled studies when forage or livestock are considered as the metric of pasture

productivity

Publication Silvopasture description Silvopasture LER

Forage Livestock

Anderson and Moore (1987) Medium density trees 1.34 1.30

Low density trees 1.65 1.55

Burner and Brauer (2003) Mature trees 1.31 N/A

Young trees 1.52

Bambo et al. (2009a) Double-row trees 1.29 N/A

Random trees 1.14

Bambo et al. (2009b) Double-row trees 1.29 N/A

Random trees 1.19

Bird et al. (2010) 60 trees ha-1 1.10 0.99

200 trees ha-1, random 1.11 1.09

200 trees ha-1, belts 1.15 0.81

Buergler et al. (2005) Medium density, black walnut 1.58 N/A

High density, black walnut 1.75

Medium density, honeylocust 1.52

High density, honeylocust 1.59

Burner and Brauer (2003) 2.4 9 2.4 m spacing 1.29 N/A

2.4 9 3.6 m spacing 1.65

2.4 9 4.9 m spacing 1.66

7.3 m alley 1.76

9.7 m alley 1.60

12.2 m alley 1.56

14.6 m alley 1.59

Clason (1999) Loblolly pine 2.08 N/A

Fannon et al. (2017) Black walnut 1.81 1.76

Honeylocust 1.89 2.01

Feldhake et al. (2008) Planted black locust 1.27 N/A

Feldhake et al. (2010) Thinned white oak 1.59 N/A

Ford et al. (2017) Thinned forest 1.32 1.42

Kallenbach et al. (2006) Annual forages 1.33 1.34

Kallenbach et al. (2010) Winter-stockpiled forages 1.80 1.65

Karki et al. (2009) Longleaf pine 1.33 N/A

Lewis et al. (1983) 6.1 9 6.1 m spacing, bermudagrass N/A 1.95

3.7 9 3.7 m spacing, bermudagrass 1.62

6.1 9 6.1 m spacing, dallisgrass 1.77

3.7 9 3.7 m spacing, dallisgrass 1.49

6.1 9 6.1 m spacing, bahiagrass 1.97

3.7 9 3.7 m spacing, bahiagrass 1.56

McAdam and Hoppe (1997) 100 trees ha-1 N/A 1.05

400 trees ha-1 1.10

Neel and Belesky (2017) Thinned white oak 1.24 1.23

Orefice et al. (2016) Thinned forest 1.68 N/A

Pent and Fike (2018) Black walnut 1.75 1.63

Honeylocust 2.02 2.01
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trees into an existing pasture. In some areas, the

traditional configuration of orchards may be con-

ducive to forage establishment and livestock grazing

during certain seasons of the year (Ares et al. 2006).

The productivity per unit area of land of the trees in

the silvopasture was about 70% the productivity of

trees managed in conventional silvicultural compar-

isons. This reduction was primarily a function of

reductions in tree numbers in the silvopastures. Such

reductions must often be made to permit enough light

to reach the forage canopy for adequate growth.

Comparisons of tree numbers rely on the assumption

that individual tree growth is similar between prac-

tices. It would be more appropriate to compare tree

productivity on a basis of volume produced per unit of

land area or even basal area annual increment per unit

of land area. Most studies did not report these figures.

This bias may be against the productivity of trees in

the silvopastures or the conventional silvicultural

practices depending on the context. The growth of

individual pines in silvopastures has been shown to be

greater than individual tree growth in timber-only

plantations (Oswald et al 2017; Clason 1999). This

may be a result of less competition between trees,

vegetation suppression by grazing livestock, and

nutrient additions or faster nutrient cycling in sil-

vopastures. The duration and intensity of animal

stocking management in a silvopasture will also have

an effect on the growth of the trees (Pearson et al.

1990). For hardwood trees, height and diameter

growth have been shown to be less when grown in a

pasture than when grown free of competition with

grass (Houx et al. 2012). In this case, forages were

clipped and removed from the plots, which is not

Table 3 continued

Publication Silvopasture description Silvopasture LER

Forage Livestock

Sharrow et al. (1996) Grid plantings 1.61 N/A

Cluster plantings 1.71

Teklehaimanot et al. (2002) Red alder N/A 1.21

Sycamore, 100 trees ha-1, clump 1.22

Sycamore, 400 trees ha-1, row 1.23

Sycamore, 100 trees ha-1 1.04

N/A = not applicable; value was not measured in study

(a) (b)

Fig. 3 Relative yield of

silvicultural, agricultural,

and total products from

silvopastures compared to

forests, timber plantations,

or orchards and open

pastures grown on the same

amount of land; a Pasture

production measured by

forage yield; b Pasture

production measured by

livestock output. Error bars

indicate standard error
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representative of a typical silvopasture where the

majority of nutrients harvested by livestock from the

forages is returned to the soil for uptake by both

forages and trees. Regarding production of nuts from

trees, there is a lack of data available for individual

trees in silvopastures as compared to trees in orchards.

Forage productivity in silvopastures

The photosynthetic pathway utilized by warm-season

forages allows them to be more productive in warm

environments than cool-season forages. Due to the

differences in the mechanism of photosynthesis

between warm- and cool-season plants, warm-season

plants are able to utilize more light for growth. Cool-

season grasses are often light-saturated at around 50%

of full sunlight (Hopkins 1999). Thus cool-season

grasses may be just as productive under 50% shading

as when exposed to full sunlight, compared to warm-

season grasses which are much less productive in the

shade than in full sunlight (Lin et al. 2001). Yields of

cool-season forages may be less affected by the

presence of trees in silvopastures than yields of warm-

season forages (Brauer et al. 2004).

Cool-season grasses are more commonly grown in

temperate regions because they are productive for a

longer period of the year and are more suited to the

cooler environment. The selection of forages for a

silvopasture will often be dictated by the edaphic and

climatic conditions of the site. However, trees will

alter the microclimate of the silvopasture (Karki and

Goodman 2015). In some situations, these differences

may be enough to allow cool-season forages to persist

in sites that are typically considered too warm for their

production.

(a)

(b)

Fig. 4 Distribution of LER

values from compiled

silvopasture comparisons;

a Pasture production

measured by forage yield;

b pasture production

measured by livestock

output
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The reduction in forage growth in silvopastures

compared to open pastures was less than the reduction

in tree productivity in the same sites. The land

manager may presumably shift this balance towards

tree production or forage production depending on

which is more desirable. Over time as tree canopies

close, forage production will decrease in silvopastures

if the trees are not thinned or pruned (Lewis 1989; Bird

et al. 2010).

Forage dry matter yields in a pasture are not the sole

driver of animal performance, however. The nutri-

tional value and the intake of the forage by the animal

are of primary importance in determining the quality

of a forage (Ball et al. 2001). Although outside the

scope of this review, silvopastures do have an effect on

forage nutritive value. Forages grown in silvopasture

conditions in general have greater protein or non-

protein nitrogen levels and lower total non-structural

carbohydrates (Kephart and Buxton 1993; Neel et al.

2008; Buergler et al. 2006).

Livestock productivity in silvopastures

Sheep are well suited to silvopastures for a number of

reasons. Sheep will consume browse from woody

shrubs or stump regrowth more readily than cattle

(Doescher et al. 1987). Small ruminants also disturb

and compact soils to a lesser degree than cattle

(Betteridge et al. 1999). However, cattle are more

prevalent than sheep in pasture production systems in

the temperate regions of the globe (Bouwman et al.

2005). While sheep may be suited to silvopasture

practices, there are opportunities to manage cattle

effectively in silvopastures, as shown by some high,

long-term production values reported in studies with

cattle managed in silvopastures (Lewis et al. 1983).

Small ruminants are easier and cheaper to manipulate,

manage, and maintain in experimental studies. They

consume much less forage than cattle on a per head

basis, and so greater numbers of sheep may be

managed than cattle within a designated experimental

area. For these reasons, sheep may be utilized more

frequently in experimental designs than cattle. How-

ever, sheep could be considered as a conservative

model for cattle, as demonstrated by the slightly lower

LER of studies with sheep in silvopastures compared

to the LERS of studies of cattle in silvopastures.

In general, LERs were greater when forage yield

was used as the metric of pasture productivity than

when livestock production was used as the metric of

productivity. The same trend was noted in the studies

that reported both forage and animal production

values. Forage characteristics as well as animal health

and well-being are significant drivers of animal

production. As mentioned previously, forage yield

and nutritive value are both important in determining

forage quality. Some studies have reported lower

nutritive value of forages in silvopastures compared to

open pastures, largely a function of reduced total non-

structural carbohydrate levels and greater concentra-

tion of fiber (Belesky 2005a, b; Neel et al. 2008;

Buergler et al. 2006). Reductions in forage nutritive

value in silvopastures may result in lower than

expected levels of animal performance given the level

of forage dry matter present in the pasture.

Animal performance, however, may also be influ-

enced by the health and well-being of the animal. The

cooler microclimate and reduced radiation in silvopas-

tures can reduce core body temperatures of livestock

compared to livestock without access to shade (Pent

et al. 2018). This has been cited as a primary reason for

why silvopasture practices are adopted on farms

(Orefice et al. 2017). In the winter months, trees may

also protect livestock from wind (Brandle et al. 2004).

All of the comparisons in this review were evaluations

of stocking livestock purely in silvopastures or in open

pastures. In most cases, it will not be feasible or

advisable to convert an entire farm to silvopasture. In a

pasture rotation, silvopastures may prove to be of

greatest benefit to animal welfare during certain

seasons of the year. Determining in which seasons

and conditions silvopastures will support the greatest

level of animal performance will help farmers under-

stand the potential value and function of silvopasture

practices on their farms.

Conclusions

Comparing the productivity of silvopasture practices

to the productivity of conventional agricultural and

silvicultural practices indicates that silvopastures are

55% or 42% more productive than conventional

practices, depending on whether the pasture produc-

tivity metric is forage yield or livestock output,

respectively. When coupled with the environmental

and social benefits of silvopastures, such levels of

production have the potential to improve the
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sustainability of agricultural and silvicultural produc-

tion practices. Profitability, however, depends on both

productivity and necessary inputs, along with the

market valuation of those products and inputs. Future

work should focus on the financial implications for

silvopasture given the high levels of productivity

characteristic of these complex systems.
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