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Abstract Livestock production in the tropics con-

tributes significantly to global greenhouse gas emis-

sions, so better understanding the role of silvopastoral

systems (SPS) in mitigating such emissions is neces-

sary. The aim of this study was to evaluate the amounts

of carbon stored in the biomass and soil organic carbon

(SOC) components of a Leucaena leucocephala cum

Panicum maximum silvopasture system (SPS) com-

pared to a deciduous tropical forest (DTF), and a grass

monoculture (GM) inMichoacán, Mexico. The above-

and below-ground biomass were measured by destruc-

tive sampling in the SPS and GM, while previously

reported allometric equations were used to quantify

biomass stocks in the DTF. The SOC concentration up

to 30 cm was determined by dry combustion method.

The SPS and DTF contained more aboveground

biomass (41.8 ± 3.30 and 36.7 ± 5.72

Mg DM ha-1) compared to GM (8.0 ± 0.76 Mg

DM ha-1). However, the SPS exhibited greater

belowground biomass (16.4 ± 1.95 Mg DM ha-1)
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Universidad Autónoma de Chiapas,

C.P. 30470 Villaflores, Mexico

A. J. Chay-Canul

Division Académica de Ciencias Agropecuarias,
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than the other systems. The DTF had the highest SOC

fraction in all depth classes with values ranging from

3.1 ± 0.07% to 3.7 ± 0.06%, respectively, compared

to the other systems. The total carbon stocks in SPS

was similar to DTF (120.7 ± 10.97 vs.

120.9 ± 6.38 Mg C ha-1) but was significantly

higher than GM (78.2 ± 8.41 Mg C ha-1). In dry

tropical conditions, SPS displays enormous potential

for increasing biomass and soil carbon stocks com-

pared to the GM and can thus be used as a greenhouse

gas mitigation strategy in livestock production

systems.

Keywords Livestock systems � Ecosystems

services � Vertisols � Soil carbon � Grass monoculture �
Tropical forest

Introduction

Global climate change, caused by rising levels of

carbon dioxide (CO2) and other greenhouse

gases (GHG) in the atmosphere, and food security

are recognized as the most serious problems of human

society of this century (Feliciano et al. 2018). World-

wide, annual CO2 emissions into the atmosphere from

fossil fuel combustion and cement production reached

9.5 Pg C yr-1 in 2011, and land use, particularly

deforestation to initially establish monoculture farm-

ing and the subsequent planting of pasture for

livestock (Feliciano et al. 2013; Villanueva-López

et al. 2016), accounted for 0.9 Pg C yr-1 of net CO2

emissions (IPCC 2013). Extensive pastureland for

animal grazing is the dominant land use in many parts

of the tropics with almost 80% of forest area cleared to

establish pasture (McGroddy et al. 2015). While the

global net carbon uptake of terrestrial ecosystems was

60 Pg C yr-1, only 1 Pg C yr-1 is considered long-

term carbon storage, so the role of land use systems in

stabilizing CO2 levels and reducing the carbon foot-

print of existing production practices has attracted

considerable scientific attention as a fundamental

approach to mitigate global climate change (Ibrahim

et al. 2007; Nair 2012). Due to the fast increase in

pastureland area, any strategy that reduce GHG

emissions or increase in carbon storage in these

ecosystems would have a large impact on the carbon

balance at a regional to national level (McGroddy et al.

2015).

On a global level, tropical forests are the ecosys-

tems with the greatest net primary productivity, they

play an important role not only in regulating the global

climate by storing significant quantities of CO2 and

other greenhouse gases (Jose 2009), but also, they

offer a diversity of foods (foliages and fruits) that

allow the animals to vary their diet and increase their

level of production particularly in regions of the dry

tropics with scarce forages. The tropical forest in

Mexico spans 79.29 million hectares, of which 2.68

million hectares are low, seasonally dry tropical forest

(INEGI 2005). In the state of Michoacán (southwest

Mexico), low deciduous tropical forests (DTFs) are

characterized by the presence of three well-defined

strata: the canopy, shrub, and herbaceous levels. The

canopy has an average height of only 3 m, with the

dominant species belonging to the Burseraceae and

Fabaceae families. However, these forests have expe-

rienced high rates of deforestation and degradation,

mainly due to land use conversion to monoculture

pastures for ruminant livestock, which affects the

capacity of these ecosystems to maintain their func-

tions and provide environmental services. Addition-

ally, degradation of more than 65% of the pasture is

contributing to the increase in atmospheric CO2

(Ibrahim et al. 2007).

In the search for strategies to increase carbon

reservoirs in livestock production systems of the

tropical region, and promote participatory adoption

and adaptation strategies by small producers, silvopas-

toral systems (SPS) have been proposed as an

alternative to monoculture pastures that will allow

for sustainable production and, at the same time,

produce direct economic benefits for farmers (Tapia-

Coral et al. 2005). These livestock production systems

integrate the management of trees and/or shrubs with

that of grasses and animals to promote a series of

ecological interactions as well as create economic

differences between trees and other system compo-

nents (Broom et al. 2013; Casanova-Lugo et al. 2014).

These systems offer numerous benefits, including the

protection of the soil from erosion and the introduction

of greater numbers of trees and shrubs, thereby

increasing the quantity of organic material (Partey

2011) and consequently improving soil properties.

The incorporation of shrubs and trees to open

grazing systems increases the above and belowground
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biomass as well as other nutrients to the soil. Higher

soil organic carbon can increase soil water holding

capacity and improve other soil properties like cation

exchange capacity, porosity and infiltration (Cubillos

et al. 2016). Incorporation of leguminous species such

as Leucaena leucocephala (Lam) de Wit., enhance

symbiotic nitrogen fixation that provide a limiting

nutrient for the fodder plants and reduce the burden of

purchasing synthetic nitrogen fertilizers (Cubillos

et al. 2016).

In addition, high-quality food is available for

livestock throughout the year (Broom et al. 2013;

Feliciano et al. 2018), which contributes to reducing

deforestation in tropical regions and the concentration

of greenhouse gases in the atmosphere (Matos et al.

2012; Mbow et al. 2014; Luedeling et al. 2014).

Furthermore, the micro-environmental conditions in

these systems are improved due to an increase in

shaded areas (Elevitch 2006), and greater animal and

plant biodiversity is maintained (Jose 2012; Broom

et al. 2013). In recent years, SPS have also been

recognized for their potential to store large quantities

of carbon (Jose 2009; Lorenz and Lal 2014) and

atmospheric nitrogen in their biomass and soil (Mun-

roe and Isaac 2014) compared to crop and pasture

monocultures (Bambrick et al. 2010; Djomo et al.

2011; Feliciano et al. 2018), which is due to the rapid

growth and high productivity of these systems. In

developing countries particulary in tropical regions, as

is the case of Mexico this storage represents an

economic opportunity for small farmers if opportuni-

ties to sell carbon sequestered through agroforestry

systems to industrialised countries become more

widespread (Feliciano et al. 2018), and above all, it

contributes increase yield and to the resilience of

livestock production systems (Hoosbeek et al. 2016;

Coulibaly et al. 2017; Waldron et al. 2017). FAO

considered silvopastoral system as one of the climate-

smart agricultural practices that provides economic

diversity and protection from erosion in addition to

carbon uptake benefits (Harvey et al. 2014).

It was recently reported that approximately 10,000

hectares of SPS have been established in the states of

Michoacán, Campeche, San Luis Potosi, Veracruz,

Tamaulipas, Chiapas, Nayarit, Quintana Roo, and

Yucatan, Mexico (Broom et al. 2013). These systems

often involve rotational grazing and the use of electric

fences in pastures cultivated with the Cunningham

cultivar of Leucaena leucocephala in addition to a

diverse set of tropical grasses, such as the Tanzania

cultivar of Panicum maximum Jacq. and Cynodon

plectostachyus (K. Schum.) Pilg. However, despite the

widespread use of these systems in the Mexican

tropics relative to other systems, little is known about

the diverse environmental services they offer, such as

carbon storage. Better understanding about the effects

of trees and shrubs on carbon storage and soil nutrient

dynamics of pasturelands will help improve the

theoretical basis for agroecosystem management that

guides to harmonizing food production systems with

environmental and biodiversity conservation (Casals

et al. 2014). Therefore, the general objective of this

study was to determine the role of SPS in biomass and

soil carbon storage in comparison to a DTF and a C.

plectostachyus grass monoculture (GM) in Michoa-

cán, Mexico.

Materials and methods

Study area

The study was carried out at La Concha in the

municipality of Apatzingán, Michoacán, Mexico

(Fig. 1); located at 19�0800N, 102�3500W at an

elevation of 325 masl. The climate is dry with a

summer rainfall pattern, an average annual rainfall

of 924 mm, and an average temperature of 28.3 �C
(data taken from a local meteorological station,

Fig. 2). The soils are predominantly vertisols, based

on the classification of the World Reference Base

for Soil Resources (WRB 2007), and they have a pH

of 7.2–7.7, a soil bulk density (BD) of

0.98–1.37 g cm-3, a total nitrogen content ranging

from 1.5 to 1.7 mg N g-1, available phosphorus

content from 0.05 to 0.06 mg P g-1, a potassium

content from 5.2 to 5.8 mg K g-1, and an organic

carbon content from 21.10 to 33.40 mg C g-1.

System descriptions

Three ecosystems were selected: a deciduous tropical

forest (DTF), a grass monoculture (GM), and a

silvopasture system (SPS), and we established five

100 m2 (10 m 9 10 m) carbon monitoring plots in

each of these systems. Table 1 presents the biophys-

ical characteristics of the ecosystems. The low DTF

represents the regional native vegetation and has been
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regenerating for approximately 20 years old. During

the study, the average tree density was 557 individuals

per ha with 17–32 tree species per site. The low DTF

trees with the highest relative importance values

include Cordia elaeagnoides (A. DC.), Apoplanesia

paniculata (C. Presl), Randia capitata (DC.), Cae-

salpinia platyloba (S. Watson), Capparis asperifolia

(C. Presl), and Simira mexicana (Bullock Steyerm),

which the local communities use for various purposes

including fodder, firewood, timber, tools, medicine,

pollinators attraction, fruit production, and as living

fences and posts.

The GM consists of African star grass (C. plec-

tostachyus) that was planted in 2005 by scattering

seed. Management consists of a 5-day occupation

period followed by 40–65 days of rest throughout the

Fig. 1 Location of the study area: a location of state Michoacán in the Southwest of Mexico; b tropical dry region in the Municipality

of Apatzingán; c deciduous tropical forest; d silvopastoral system; e grass monoculture
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year with a stocking rate of 2 animal units/ha. During

the study period, gravity-fed irrigation was applied

every 15 days during the dry season and suspended

during the rainy season. In addition, organic fertilizer

(bovine manure) was applied at a rate of

100 kg ha-1 yr-1 every six months, and no weed

control was performed.

The SPS consists of six-year-old Leucaena leuco-

cephala cv. Cunningham as tree component and

Panicum. maximum cv. Tanzania grasses, mixed in

an area that was previously a more than 15 years old

GM. The distance between the rows of L. leuco-

cephala was 1.60 m, and the distance between plants

was 0.20 m, yielding a density of approximately

36,000 plants per ha. The gaps were planted by

scattering P. maximum cv. Tanzania seeds. This

system is grazed to fatten cattle to produce approxi-

mately 350 to 450-kg animals (stocking rate of 4.0

animal units per ha). The SPS is grazed for 3 days and

allowed to rest for 35 to 45 days in the rainy and dry

seasons, respectively. Gravity-fed irrigation was

applied every 15 days during the dry season.

Biomass estimation

Trees in the DTF sampling units were identified using

field guides and dichotomous keys. The diameter at

breast height (DBH) was measured for all trees with a

DBH exceeding 10 cm, and tree biomass (TB) was

indirectly estimated using an allometric equation

Eq. (1) developed by Chave et al. (2005). This equation

was developed by using a compilation of database from

a wide range of tropical trees, including tropical dry

forests of Mexico. The equation includes small as well

as big trees ranging from5 to 138 cmDBH (Chave et al.

2005). The tree DBH data from our study lie within the

range of the data used to generate the equation. In

addition, the use of species specific wood density data

along with DBH and tree height, increases the applica-

bility of the equation to a wide range of tropical

ecosystems. The wood density data of the species were

obtained from published reports (Reyes et al. 1992).

AGB ¼ 0:112 q� DBH2 � H
� �0:916 ð1Þ

where AGB is the above-ground biomass

(Mg DM ha-1); q is the specific density (g cm-3);

DBH (cm) is measured at a height of 1.37 m; and H is

the total height of the individual tree (m).

Root biomass was estimated using an allometric

equation Eq. (2) developed by Cairns et al. (1997) that

Fig. 2 Monthly variation in temperature and rainfall pattern at

Apatzingán, Michoacán, Mexico

Table 1 Biophysical

characteristics of the

systems in Apatzingán,

Michoacán, Mexico. SPS,

silvopastoral system; GM,

grass monoculture; DTF,

deciduous tropical forest

Parameters SPS GM DTF

Total area (ha) 4.5 4.0 18.5

Geographic coordinates 19� 040021.80N 19�040021.50N 19�040011.80N
102�260012.80O 102�260021.10O 102�240053.70O

Soil type Vertisol Vertisol Vertisol

Elevation (masl) 332 332 446

Density of woody species (individuals ha-1) 36,000 – 557

Total height range of trees/shrubs (m) 2–3 – 6–12

Stem diameter range of trees/shrubs (cm) 1.5–3 – 5–60

Number of main species 2 1 17

Coverage of herbaceous plants (%) 80 90 40

Age of system (years) 6 10 20
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has been widely used by several authors (Nakakaawa

et al. 2009; Soto-Pinto et al. 2010; Schmitt-Harsh et al.

2012) and is an accepted method in the land use

manual by the IPCC (2007):

BGB ¼ exp �1:0587þ 0:8836 ln AGBð Þ½ � ð2Þ

where BGB is the below-ground (root) biomass

(Mg DM ha-1), and AGB is the above-ground

biomass (Mg DM ha-1).

To estimate the herbaceous biomass in the DTF,

grass biomass of a specific area was estimated using

the square frame sampling method. In each sampling

unit, three samples were collected from a 1 m 9 1 m

area marked with a square PVC frame in the dry

season. The biomass in the square was cut at ground

level and weighed in its fresh state in the field, and at

the same time, the leaf litter was collected and

weighed. Afterward, the material was dried in a

forced-air-circulation oven at 60 �C for 48 h to

determine the amount of dry matter (DM).

Destructive sampling was performed to determine

the tree biomass in the SPS. Fifteen L. leucocephala

plants were randomly selected (three in each perma-

nent sampling plot) and carefully extracted from the

soil manually, including the roots, as described by

Casanova-Lugo et al. (2010). Afterward, the plants

were separated into leaves, branches, stems, and roots,

and each part was weighed in its fresh state in the field.

Then, samples weighing approximately 300 g were

collected from each of these components and dried in a

forced-air-circulation oven at 60 �C to determine the

amounts of DM.

To examine productivity, the herbaceous biomass

and leaf litter in the SPS and GM systems were

sampled using a square frame. Six sampling units were

marked with the 1 m 9 1 m square PVC frame, and

the grass within the square was cut at ground level and

weighed. Afterward, the samples were separated into

leaves, stems, and dry material. The leaf litter within

the square was also collected and weighed.

The grass root biomass was extracted by excavation

inside the square (Casanova-Lugo et al. 2010) to a

depth of 30 cm, and the roots were separated from the

soil by pressure washing with water. The roots were

then dried in a forced-air-circulation oven at 60 �C
until they attained a constant weight; the final weights

were recorded and extrapolated to surface area units.

As the carbon content is commonly assumed to be

45–50% of the biomass (Brown 2002), all biomass

estimates were multiplied by 0.5, and this value was

multiplied by the planting density of the respective

systems.

Soil organic carbon concentration

Soil organic carbon (SOC) was measured by excavat-

ing and sampling three pits measuring 0.5 m 9 0.5 m

across and 30 cm deep, and soil samples were

obtained from three depth intervals: 0–10, 10–20,

and 20–30 cm. An undisturbed sample was collected

from each depth interval in a metal cylinder with a

volume of 502.6 cm3, and these samples were trans-

ferred to the laboratory, where they were oven dried to

105 �C for 72 h and then weighed to determine the soil

bulk density obtained using the cylinder method. The

SOC concentration (%) was determined by the dry

combustion method using a Leco CNS� element

analyzer (Leco Corporation St. Joseph, MI, US), and

the SOC in each depth interval was calculated using

equation Eq. (3), as proposed by Xu et al. (2011):

SOC Mg ha�1
� �

¼ PC

100

� �
� BD � SD � 10; 000 ð3Þ

where PC is the percentage of carbon; BD is the soil

bulk density (g cm-3); and SD is the sampling depth

(m).

Carbon storage in each system

The total carbon stocks associated with each land use

was determined by using equation Eq. (4), which

several authors (Nakakaawa et al. 2009; Soto-Pinto

et al. 2010; Schmitt-Harsh et al. 2012) have applied to

various tropical agro-ecosystems:

Stored carbon Mg ha�1
� �

¼ AGBþ BGBþ Lit

þ SOC ð4Þ

where AGB is the carbon stored in the above-ground

biomass; BGB is the carbon stored in the below-

ground biomass; Lit is the ground litter; and SOC is the

soil organic carbon.

Finally, the rate of carbon fixation Mg C ha-1 yr-1

(mean annual biomass increment) was determined

based on the biomass carbon density divided by the

age of each system.

123

204 Agroforest Syst (2019) 93:199–211



Statistical analysis

The carbon storage data were analyzed by one-way

ANOVA using PROC GLM in SAS (SAS Institute Inc

2004), and two-way ANOVA was used to analyze the

effects of the system, the soil depth, and the interaction

between these factors on the SOC. Data were log-

transformed to comply with the assumptions of

normality and homoscedasticity of residuals when

necessary. In all cases, when significant differences

were noted between the carbon reservoirs of the

systems, Tukey’s test was performed at a 5% level of

significance to identify type I errors.

Results

Biomass estimation

We found that the SPS and DTF contained more

aboveground biomass (41.8 ± 3.30 and

36.7 ± 5.72 Mg DM ha-1, respectively) than the

GM (8.0 ± 0.76 Mg DM ha-1) (F = 41.91;

P = 0.001) in Michoacán, Mexico (Table 2). The

SPS exhibited greater belowground biomass

(16.4 ± 1.95 Mg DM ha-1) than the other systems

(F = 32.82; P = 0.001). The same pattern was noted

for total biomass; the SPS had the greatest quantity of

biomass (58.2 ± 4.77 Mg DM ha-1) during the eval-

uation period (F = 45.31; P = 0.001; Table 2). Fur-

thermore, the aboveground biomass of the SPS

represented 71.9% of the total biomass, and its root

biomass represented 28.1% of the total. In contrast, the

aboveground biomass of the DTF and GM systems

represented 80.6 and 85.3% of the total, respectively,

and the root biomass represented 19.4 and 14.7%,

respectively.

The aboveground tree component represent 77% of

the total carbon in TDF (Fig. 3), followed by roots

(19%), herbaceous plants (2%) and ground litter (2%).

In the case of the silvopastoral system, herbaceous

plants represent the highest proportion of total carbon

(33%), followed by trees/shrubs (31%), roots (28%)

and the ground litter (9%). In contrast, the herbaceous

components had the highest proportion of total carbon

(59%) in the grass monoculture system, followed by

the ground litter (27%) and roots biomass (15%).

Soil organic carbon

The SOC of the different depth classes, 0–10, 10–20,

and 20–30 cm, differed significantly between the

evaluated systems (F = 1.59; P = 0.021). Compared

to the other systems, the DTF had the highest SOC

fraction in all depth classes with values ranging from

3.1 ± 0.07 to 3.7 ± 0.06% respectively (Fig. 4).

Soil bulk density

There was a statistically significant increase in BD

with soil depth (F = 5.54; P = 0.004). In the 0–10-cm

layer, the GM had the highest BD with a value of 1.39

34 ± 0.05 g cm-3. In the 10–20-cm layer, the higher

BD values were observed in GM compared to SPS and

DTF (1.40 ± 0.10 and 1.18 ± 0.04 g cm-3, respec-

tively). In the 20–30-cm layer, BD was higher in the

SPS and GM (1.31 ± 0.02 and 1.26 ± 0.11 g cm-3,

respectively) compared with the DTF, with a value of

1.06 g cm-3 (Fig. 5).

Total carbon storage

The results indicated that carbon storage in the

biomass (above- and below-ground) differed signifi-

cantly among agro-ecosystems (one-way ANOVA,

F = 16.41; P = 0.004), with carbon storage being

higher in the SPS and DTF (29.1 ± 4.45 and

22.6 ± 3.48 Mg C ha-1, respectively) than in the

GM (4.7 ± 0.62 Mg C ha-1). Furthermore, the SPS

and DTF contained statistically similar amounts of

SOC (91.6 ± 4.92 and 98.3 ± 2.90 Mg C ha-1,

respectively), which were greater than that in the

GM (73.4 ± 4.58 Mg C ha-1) (F = 9.25; P = 0.001;

Table 2 Estimated average above- and below-ground biomass

(Mg DM ha-1) in the agroecosystems in the municipality of

Apatzingán, Michoacán

System Above-ground Below-ground Total

SPS 41.8 (± 3.30) a 16.4 (± 1.95) a 58.2 (± 4.77) a

GM 8.0 (± 0.76) b 1.4 (± 0.12) c 9.4 (± 0.87) c

DTF 36.7 (± 5.72) a 8.4 (± 1.23) b 45.1 (± 6.95) b

Averages (± standard error) in the same column indicated by

the same letter are not significantly different according to

Tukey test (P\ 0.05)

SPS, silvopastoral system; GM, grass monoculture; DTF,

deciduous tropical forest
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Table 3). Therefore, the SPS and DTF systems stored

greater amounts of carbon than the GM in total

(F = 7.02; P = 0.027). The mean annual biomass

increment was significantly higher in the SPS

(4.8 ± 0.74 Mg C ha-1 yr-1) compared to the DTF

(1.5 ± 0.23 Mg C ha-1 yr-1) and GM (0.5 ±

0.06 Mg C ha-1 yr-1) (F = 70.17; P\ 0.001;

Table 3). However, this calculation is not considered

as an indicator of carbon accumulation in GM because

it can vary due to the seasonality of the herbaceous

biomass.

Discussion

Biomass productivity in the three ecosystems

The mean annual biomass increment in our study was

higher in the SPS compared to the DTF and GM,

which is consistent with the results of several other

studies that found greater productivity in tropical SPS

compared to other land uses. In certain contexts, the

productivity of tropical SPS can equal or exceed the

productivity of natural ecosystems (Trumbmore et al.

1995; Montagnini and Nair 2004; Nair 2012). The

annual carbon removal rate of 4.8 Mg DM ha-1 can

significantly help livestock farmers to mitigate their

Fig. 3 Proportions of

different components to the

total biomass for each of the

systems: silvopasture, grass

monoculture and tropical

deciduous forests in

Michoacán, Mexico

Fig. 4 Soil organic carbon fractions (%) at various depths in

three agroecosystems in the municipality of Apatzingán,

Michoacán. SPS, silvopastoral system; GM, grass monoculture;

DTF, deciduous tropical forest

Fig. 5 Soil bulk density at various depths in the agroecosys-

tems in the municipality of Apatzingán, Michoacán. SPS,

silvopastoral system; GM, grass monoculture; DTF, deciduous

tropical forest
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net greenhouse gas emissions at farm level. This value

is two hundred percent higher than the adjacent

tropical forests and shows a huge potential to improve

the largescale grass monoculture based livestock

system in Michoacán and other parts of the tropics.

The analyses indicated that the tree biomass stock of

the DTF was nearly twice that of the SPS. Although

the silvopastoral systems store a lower tree biomass

compared to the adjacent forests, they have other

advantages because we found that they promoted a

greater amount of herbaceous biomass accumulation

and increased the roots as well as litter carbon

accumulation. The SPS stored almost four times the

herbaceous biomass of the GM and almost 20 times

that of the DTF. In addition, the root biomass and leaf

litter of the SPS were higher than that of the GM and

DTF. In this study, we did not measure the carbon

input through annual litter production and fine root

turnover, which we expect to increase with incorpo-

ration of trees and shrubs. On the other hand, the

silvopastoral systems could increase the quality of the

forage biomass since the inclusion of L. leucocephala

improves the protein contribution to the animals, given

that the latter is a limiting element in conventional

livestock systems. In the same way, the silvopastoral

systems could favor the physicochemical characteris-

tics of the soil because they have a higher root

biomass, which could reduce the soil compaction

caused by the trampling of the animals, as well as

promote a greater recycling of nutrients through the

senescence of fine roots.

A study by Bacab and Solorio (2011) in Tepalcate-

pec, Michoacán, demonstrated that the biomass pro-

duced by a SPS consisting of L. leucocephala and P.

maximum exceeded that of a GM (P. maximum), which

is consistent with the results of the present study;

however, in this case, the biomass values were

inferior. These differences in biomass production

may be attributed to various factors such as the type

of management in each system (i.e., grazing and the

frequency of irrigation), the species, the age of the

system, and the season (Montagnini and Nair 2004).

Furthermore, although the below-ground contribution

of the plants (roots) was not reported, Bacab and

Solorio (2011) found that the median value of

16.3 Mg DM ha-1 represented approximately 30%

of the total biomass of the system, which is close to

that found in this study (28.1%). This is also consistent

with the findings of Casanova-Lugo et al. (2010) in

Yucatan Peninsula, Mexico, who showed that the root

biomass of a SPS can represent 10–40% of the total

biomass of the system. In a SPS withGliricidia sepium

(Jacq. Kunth exWalp.) trees and Brachiaria brizantha

(Hochst. ex A. Rich.) grass in the humid tropic of

Tabasco, Villanueva-López et al. (2015) also reported

that tree roots represent more than 20% of the total

biomass. However, the roots of woody species in

semiarid regions can represent up to 60% of the total

biomass; the low availability of soil moisture pro-

motes the growth of roots to search for water and other

nutrients (Mun and Whitford 1997). Moreover, the

presence of trees in the pastures is likely to enhance

soil C sequestration not only in the topsoil, but also in

the subsoil due to bioturbation and turnover of the fine

roots as reported by Haile et al. (2010) and Casals et al.

(2014).

Soil organic carbon

The higher amount of SOC in the DTF and SPS than in

the GM is consistent with the results of several studies

that found greater amounts of soil organic material in

Table 3 Total carbon storage (Mg C ha-1) and mean annual accumulation rates (Mg C ha-1 yr-1) in the total biomass and soil in

the agroecosystems in the municipality of Apatzingán, Michoacán

System Biomass Soil Total Mean annual biomass increment

SPS 29.1 (± 4.45) a 91.6 (± 4.92) a 120.7 (± 10.97) a 4.8 (± 0.40) a

GM 4.7 (± 0.62) b 73.4 (± 4.58) b 78.2 (± 8.41) b 0.5 (± 0.05) b

DTF 22.6 (± 3.48) a 98.3 (± 2.90) a 120.9 (± 6.38) a 1.5 (± 0.23) b

Averages (± standard error) in the same column indicated by the same letter are not significantly different according to Tukey test

(P\ 0.05)

SPS, silvopastoral system; GM, grass monoculture; DTF, deciduous tropical forest
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DTF than in land devoted to other uses (Matamala

et al. 2003). In this regard, Feliciano et al. (2018) notes

that carbon benefits are greater in agroforestry systems

tropical climates when compared to agroforestry

systems located in other climates, both in terms of

soil (2.23 Mg C ha-1 yr-1) and above ground

(4.85 Mg C ha-1 yr-1). In terms of land use change,

the greatest above ground carbon sequestration

(12.8 Mg C ha-1 yr-1) occurs when degraded land

is replaced by improved fallow and the greatest soil

carbon sequestration (4.38 Mg C ha-1 yr-1) results

from the transition of a grassland system to a

silvopastoral system. Similarly, the presence of trees

and shrubs in SPS increases the turnover of fine roots

in the deeper soil horizons compared to GMs, which

increase the total SOC stocks. However, several

studies demonstrated a clear decrease in SOC with

depth due to the effects of roots in the surficial soil

(depth of 0–30 cm); a higher fine-root density con-

tributed to a greater and faster rate of nutrient

recycling (Tapia-Coral et al. 2005). However, the

vegetation type also exerts a significant effect on the

quantity and type of nutrients recycled by fine roots

(Munroe and Isaac 2014), and the variations in SOC

can also be directly linked to site-specific edaphic

conditions, including the soil texture, land use history,

age of the system, structure of the agroecosystem,

inputs and outputs of organic material, and capacity of

the soil to retain nutrients (Aryal et al. 2015).

Soil bulk density

The higher BD in the GM in our study could be

attributed to the shallow root system of the grasses; in

contrast, tree roots extend farther laterally and verti-

cally, which facilitates greater nutrient and water

uptake, thereby improving the physical structure of the

soil (Matamala et al. 2003). In addition, the higher soil

BD in the GM can be explained by soil trampling due

to extensive livestock ranching. Furthermore, the

relatively low fine-root turnover and absence of trees

can alter the soil physico-chemical and biological

properties, resulting in more compact soil in the GM

(Manning et al. 2006; Villanueva-López et al. 2014).

Carter (2002) reported that maintaining adequate

levels of organic material helped decrease the soil

BD and resistance to soil compaction. Our results are

similar to those reported by Matos et al. (2012) who

found soil BD values of 1.3 and 1.5 g cm-3 for the

soils at depths of 0–10 and 10–20 cm, respectively, in

an SPS of apple trees associated with Dactylis

glomerata (L.) grass and values of 1.4 and

1.7 g cm-3 in a GM. However, Ibrahim et al. (2007)

reported that the soil BD was lower in improved

Brachiaria humidicola (Rendle) Schweickerdt grass-

land due to the rapid incorporation of organic material

into the soil, which could contribute to the improve-

ment of the soil profile and lead to a greater

concentration of organic material. However, poor

grazing management could result in a high concen-

tration of livestock per unit area and a consequent

increase in the degree of soil compaction in a GM,

where the absence of trees slows the rate of soil

recovery.

Carbon storage

The greater carbon storage in the SPS and DTF than in

the GM can be attributed to the presence of trees and

shrubs in the first two agroecosystems and their larger

quantities of woody material; this conclusion was also

reached by previous authors (Montagnini and Nair

2004; Amézquita et al. 2010; Nair 2012). Carbon

storage can be strongly controlled by the composition

and structure of the vegetation within the ecosystem

(Aryal et al. 2014; Mattsson et al. 2015). For example,

leguminous trees and shrubs improve the accumula-

tion of organic material in the soil due to their ability to

fix high quantities of atmospheric nitrogen, such as L.

leucocephala, which fixes as much as

550 kg N ha-1 yr-1 (Leblanc et al. 2007; Munroe

and Isaac 2014).

In a study performed in Colombia by Amézquita

et al. (2010), a tropical forest and an SPS consisting of

L. leucocephala and C. plectostachyus both stored

high total amounts of carbon (134 and

138 Mg C ha-1, respectively), which significantly

exceeded the total in a degraded pasture

(97.0 Mg C ha-1). Likewise, Andrade et al. (2008)

found that in an SPS with the trees Pithecellobium

saman (Jacq.) Benth., Diphysa robinioides (Benth. ex

Benth. & Oerst), and Dalbergia retusa (Hemsl.) in

association with B. brizantha and Hyparrhenia rufa

(Nees) Stapf pastures, the carbon in the above- and

below-ground phytomass varied between 3.5 and

12.5 Mg C ha-1 in treeless pasture controls and the

SPS, respectively. The total SOC in the upper 0.6 m in

the SPS averaged 110 Mg C ha-1, which was
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approximately 38% higher than that in the GM. B.

brizantha appeared to stimulate the production of tree

roots, which, in turn, was highly correlated with total

SOC, resulting in annual increases in total SOC of up

to 9.9 Mg C ha-1. In a study of an SPS consisting of

L. leucocephala and Andropogon gayanus Kunth.,

Miranda et al. (2008) reported carbon storage values of

64.4 and 38.3 Mg C ha-1, respectively, for a total of

102.7 Mg C ha-1. However, in this case, the carbon

storage values were less than the present study, which

was probably due to the differences in the edaphic and

climate conditions and the ages of the systems.

Together, these results suggest that native tropical

forests and SPS, if well managed, can be important in

the recovery of degraded pasture due to their high

potential to capture atmospheric carbon.

Other researchers also agree that the benefits of SPS

are more pronounced when tree and shrub densities are

greater than 10,000 individuals per ha (Nair 2012;

Broom et al. 2013; Casanova-Lugo et al. 2014). In

addition to incorporating leaf litter and dead roots into

the soil matrix, these systems promote greater soil

nitrogen availability, which increases their capacity to

store carbon for relatively short periods (Matamala

et al. 2003). However, this aspect of SPS has not been

studied extensively given that most nitrogen decom-

position and liberation coefficients associated with the

leaf litter and fine roots of leguminous trees with

silvopastoral potential are unknown, particularly in

seasonally dry tropical areas with intensive manage-

ment regimes.

Conclusions

Silvopastoral systems can significantly increase bio-

mass productivity and consequently improve carbon

storage in the biomass and soil, thus allowing for more

environmentally sustainable livestock production in

dry tropical environments. The results of this study

showed that the silvopastoral systems can store up to

eight times more carbon in short time, compared to the

livestock systems in pasture monocultures. SPS stored

similar amounts of carbon in their biomass and soil as

dry tropical forests. The mean annual carbon accu-

mulation rates in the silvopasture systems were higher

than that of grass monoculture and the adjacent

deciduous tropical forests, giving insights into net

greenhouse gas mitigation potential at the farm level.

In addition to greenhouse gas mitigation, the estab-

lishment of SPS increase forage production and reduce

natural resources degradation. However, it is neces-

sary to conduct longer-term study on carbon and other

nutrient dynamics of the silvopastoral systems includ-

ing their fluxes from one pool to another to assist

farmers and policy makers in designing sustainable

livestock production systems.
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Ramı́rez-Avilés L, Montañez-Escalante PI (2015) Carbon

storage in livestock systems with and without live fences of

Gliricidia sepium in the humid tropics of Mexico. Agrofor

Syst 6:1083–1096. https://doi.org/10.1007/s10457-015-

9836-4
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