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ABSTRACT
Livestock production in the Colombian Amazonia is typically dual-purpose (meat and milk) based 
on silvopastoral systems. We aimed to assess how the ecological condition of these systems 
correspond to the ecosystem services they generate based on an assessment of farmers’ knowl
edge of the tree species. We evaluated 159 paddocks. We recorded 143 tree species from 37 
families, with 22 species being most common (relative occurrence frequency = 57%). Based on 
tree species composition, we characterized four states of silvopastoral condition (hereon ‘pad
dock condition types’) using clustering techniques: (i) High structural complexity and highest tree 
species richness (HSCR); (ii) High species diversity and tall trees (HDTT); (iii) High species diversity 
and medium-sized trees (HDMT); (iv) Structurally simple with lowest species richness (SSLR). Tree 
species richness was significantly higher in HSCR (11.70 ± 1.47 per paddock), than in SSLR (2.86 ±  
0.80). HDTT and HDMT had similar richness, with intermediate values (5.55 ± 0.82 and 6.38 ± 0.51, 
respectively). Farmers appreciate a number of ecosystem services provided by the silvopastoral 
system, but a limited number of tree species are valued. This indicates the need for additional 
biodiversity conservation measures in these landscapes, including measures to improve knowl
edge about the value of tree species with few occurrences or low densities.
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Introduction

Deforestation in the Colombian Amazon region has 
increased in recent years. In 2016, the deforested area 
was 70,074 ha, doubling by 2017 (144,147 ha). In the 
same year, the department of Caquetá in the 
Colombian Amazon reported a deforested area of 
60,373 ha (IDEAM 2017). The causes of deforestation 
in this region are mainly wood extraction, cropping, 
mining, and extensive livestock management prac
tices (Staal et al. 2020; Dávalos et al. 2021).

Livestock rearing is therefore a major driver of 
land transformation and use patterns in the 
Colombian Amazon region. Processes of occupation, 
and transformation of natural landscapes have 
resulted in extensive reduction of natural forest 
areas (Fonseca 2009), with negative impacts on bio
diversity and key ecosystem services (ES) provided by 
forest ecosystems including fodder, wood, water pro
tection, shade, nutrient inputs, water flow regulation 

and carbon storage (Armenteras et al. 2019). Besides, 
the quest for higher grass production has led to 
a decrease in the tree component in the landscape 
matrix. These changes also have consequences in 
terms of the ES generated by trees in the silvopastoral 
systems that support livestock production. Also, the 
lack of tree cover has negative impacts on animal 
production, affecting the sustainability of the produc
tion system in tropical regions (Villacis et al. 2003; 
Villanueva et al. 2003; Álvarez et al. 2021a).

Some livestock production in the Colombian 
Amazon is supported by silvopastoral systems with 
dispersed or grouped trees (Sotelo et al. 2017). They 
are the result of natural regeneration and/or are rem
nants of the original forest vegetation, hence, these 
tropical silvopastoral systems are often considered to 
contribute to the conservation of native biodiversity 
at the same time that they have a higher capacity to 
deliver multiple benefits (like thermal regulation, 
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enhanced nutrient and carbon stocks, wood and fod
der production (Pagiola et al. 2007; Casals et al. 2014) 
compared to treeless pastures grown after clear- 
cutting (Jose and Dollinger 2019). Tree species rich
ness, abundance and diversity in silvopastoral sys
tems are largely affected by the impacts of livestock 
grazing and browsing (Esquivel et al. 2008), but also 
by the active selection of trees by the farmers (Barton 
et al. 2016). The management and selection of scat
tered trees in livestock systems have been related to 
farmers’ local knowledge on tree ES (Harvey et al.  
2011; Suárez et al. 2013; Sánchez et al. 2017). 
Important provisioning ES generated by these sys
tems are fodder, firewood and material for e.g. con
struction (Harvey and Haber 1999; Cajas-Giron 2001; 
Pascual et al. 2010; Sánchez et al. 2017). In addition, 
trees in pastures are important for regulating services 
including microclimate regulation and the enhance
ment of carbon and nutrient stocks (Esquivel et al.  
2003; López et al. 2004; Ruiz et al. 2005; Harvey et al.  
2006; Manning et al. 2006; Esquivel et al. 2008; Suárez 
et al. 2013; Casals et al. 2014; Hoosbeek et al. 2018). 
Farmers also select and maintain trees to modify the 
microclimate of grazing areas to improve animal wel
fare (Blackshaw 1994), which in turn, has a positive 
effect on the livestock production (Villacis et al. 2003; 
Villanueva et al. 2003; Álvarez et al. 2021a). Tree 
cover is also likely to affect macroclimatic processes 
such as ‘flying rivers’ (Pearce 2019). Local knowledge 
on the ES generated by individual tree species is likely 
critical for maintaining native tree species diversity, 
hence playing a role in biodiversity conservation in 
livestock production systems, and often increasing 
the level of connectivity among forest remnants in 
landscape (Guevara et al. 1998; Fischer and 
Lindenmayer 2002; Harvey et al. 2006; Medina et al.  
2007; Gutiérrez et al. 2012).

The generation of ES depends on the structure and 
function of natural and managed ecosystems (e.g. 
Grondard et al. 2021). There are many studies on the 
composition and structure of trees in silvopastoral sys
tems reporting on the variability in tree density and 
species composition in the tropical America (Cajas- 
Giron 2001; Sánchez et al. 2005; Griscom et al. 2011; 
Harvey et al. 2011; Lombo et al. 2011), in Europe 
(Hartel et al. 2017, 2018) and Asia (Hosseininasab 
et al. 2017). However, a structured and quantitative 
assessment of the linkages between ecosystem charac
teristics (ecosystem condition sensu United Nations 
(2021)), and the capacity to generate ecosystem services 
is lacking. In this study, using an example of the silvo
pastoral systems in the Colombian Amazon foothills, 
and aligned with the principles of natural capital 
accounts (United Nations 2021), we aimed to under
stand how the different structures of silvopastoral pad
docks in terms of tree cover, diversity and density (i.e. 
the ecological condition of the silvopastoral system), 

correspond to the delivery of ES as defined by the uses 
and ecological knowledge of the farmers who manage 
these systems. Our assumption is that systems with 
higher tree diversity have the capacity to generate multi
ple ecosystem services. Our hypothesis was, then, that 
silvopastoral paddocks with high tree diversity and 
density can generate more ES than paddocks with 
more simple structure.

Specifically, we aimed to i) characterize the sil
vopastoral systems condition in terms of their tree 
species abundance, composition, and structure; ii) 
assess the farmers’ knowledge and appreciation on 
the ES provided by tree species in these silvopas
toral systems; iii) assess how tree species composi
tion and structure in these systems correspond to 
the generation of ES; and iv) to evaluate the role of 
these systems in Neotropical tree species 
conservation.

For that purpose, we first identified paddock types 
based on tree species composition, diversity, and 
structure in a set of silvopastoral paddocks. Then, 
we assessed the main ES provided by trees in the 
study region based on farmers’ knowledge and uses, 
and thirdly, we related the silvopastoral paddock 
types to the set ES provided by trees within these 
paddocks. We finally discuss the interactions between 
farmers’ knowledge and paddock types.

Materials and methods

Study area

The department of Caquetá is in the upper basin of the 
continental Amazon and has an area of 8,895,600 ha. 
In this region, and especially in the foothills of the 
Colombian Amazon, deforestation has occurred 
mainly due to livestock production activities (dual- 
purpose i.e. meat and milk production) (Ramírez 
et al. 2012; Suárez et al. 2013). This system has 
a population of 2 175 065 cattle, making it the fifth 
largest cattle stock in Colombia and the fifth largest 
milk production basin in the country (1 873 482 kg 
day−1) (Torrijos 2022). This production is supported 
by an area of 1 640 171 ha of pasture (Murcia et al.  
2014).

The study was conducted on selected farms 
located in the municipalities of Belén de los 
Andaquíes, Morelia, Florencia, and El Doncello in 
the Amazon foothills of the department of Caquetá. 
These farms are located within the Tropical Humid 
Forest zone defined in Holdridge (1978), with rain
fall of 3 600 mm yr−1, mean temperature of 28.5°C 
and relative humidity of 84% (IGAC 1993). The 
soils correspond to entisols, inceptisols, ultisols 
and oxisols which are soils with low fertility and 
high saturation of aluminum and iron (IGAC  
2014).
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Farm selection

This study is part of a larger project that aimed at 
evaluating the role of tree cover in silvopastoral sys
tems for dual-purpose livestock production in the 
Colombian Amazon. The project involved 60 farms 
representative of the livestock production systems in 
the study area, selected through directed sampling 
(Glaser et al. 1968) tree to the following selection 
criteria: (i) the farms had a maximum distance of 80  
km between each other, and a minimum of 3 km; (ii) 
the farmer was willing to collaborate; (iii) the farmer 
resided on the farm or the farm had regular visits from 
the resident administrator or manager; (iv) the avail
ability of farm technical records: information on the 
productive and administrative data of the farm; 
(v) year-round access to the farm by the group of 
farmers, technicians and researchers; (vi) the presence 
of a minimum of investment in physical infrastructure 
to manage the cattle, indicating a managed system; 
(vii) the willingness of the farmers to benefit from 
the results obtained from the project; (viii) good acces
sibility to the farm (road infrastructure in good con
dition) and access to basic public services (electricity, 
drinking water). From the 60 farmers/farms described 
above, we randomly selected: 48 to evaluate local 
knowledge on tree ES and 12 to characterize tree 
structure and composition (Table 1).

A. Characterization of paddock tree composition 
and structure
Paddock composition. In the selected 12 farms, we 
identified 159 silvopastoral paddocks, with an average 
area of 5.78 ha ±0.09 per paddock. Paddock area 
ranged from 0.11 to 20.69 ha. The size of the sampled 

area per farm ranged from 2.7 to 107.8 ha (Table 1), 
giving a total sampled area of 430.8 ha. In each pad
dock, all the trees with a circumference at breast 
height (CBH) greater than 10 cm were inventoried. 
Species identification was conducted at the herbar
ium of the Universidad de la Amazonia, with material 
collected in the field. We recorded tree diameter at 
breast height (DBH), commercial height (height of 
the trunk under the first branch), total height, the 
largest diameter of the tree crown, and the average 
crown diameter calculated based on diameters mea
sured at 45°, 90° and 135° with the largest diameter 
direction as a reference (Table 2).

Relative importance of tree species in paddock 
composition

To assess the relative importance of each tree species 
in the paddocks, we computed their Importance 
Value Index (IVI) (Curtis and Mcintosh 1950). The 
calculation of IVI was based on the species’ relative 
abundance RA (%), relative dominance RD (%) and 
relative frequency RF (%) according to Formula 1: 

where, 

and where IVIi is the Importance Value Index for species 
i, Ni is the number of individual trees of species i, N the 
total number of individuals, BAi is the basal area of 
species i, BAT is the basal area summed across all the 
species, NPi is the number of paddocks where species i is 
present, NPT the total number paddocks.

Table 1. Main characteristics of the 12 farms selected for paddock composition and structure sampling.
Geographic location Biophysical characteristics

Pasture dominant Urochloa speciesMunicipality Geographical coordinates Sampled area (ha) Topography

El Doncello 1° 42’24.35” N 31.5 Wavy Land U. decumbes
75° 15’26.02” W

Florencia 1° 30’3.56” N 94.8 Wavy Land, Flat Land U. decumbes, U. humidicola U. arrecta
75° 39’44.54” W

Florencia 1° 29’1.12” N 73.5 Wavy Land, Flat Land U. decumbes, U. humidicola
75° 39’16.46” W

Florencia 1° 27’18.69” N 107.8 Flat Land, High terrace U. decumbes, U. humidicola U. arrecta
75° 37’59.51” W

Morelia 1° 17’52.692” N 13.4 Wavy Land U. humidicola
75° 38’29.291” W

Morelia 1° 18’11.376” N 2.7 Wavy Land U. humidicola
75° 38’32.783 W

Morelia 1° 20’3.264” N 9.0 Wavy Land U. humidicola
75° 38’9.959” W

Morelia 1° 22’24.78” N 9.5 Wavy Land U. humidicola
75° 39’43.776” W

Morelia 1° 19’48.324” N 4.6 Wavy Land U. humidicola
75° 38’27.995” W

Morelia 1° 17’59.46” N 21.2 Wavy Land U. humidicola
75° 37’55.559 W

Morelia 1° 19’5.52” N 12.3 Wavy Land U. humidicola
75° 37’2.46” W

Belén of the Andaquies 1° 14’30.83” N 50.5 Wavy Land, Flat Land U. decumbes, U. brizantha
75° 47’55.95” W
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Paddock tree species composition and diversity

We characterized tree composition and diversity in each 
paddock in terms of i) species richness, ii) species abun
dance (trees ha−1), iii) Shannon index, and iv) Simpson 
index. Since paddocks varied in size, calculations of 
species richness and diversity indices were based on 
expected number of species using species rarefaction 
curves. With this analysis, the expected number of spe
cies per hectare, the percentage of expected species and 
the sampling effort necessary to reach the expected value 
were estimated by adjusting the Clench´s species rarefac
tion model (Soberón 1993). All indices were calculated 
using Qeco-Quantitative ecology software (Di Rienzo 
et al. 2010) considering differences in paddock area.

Typology of paddock systems based on tree 
composition and structural characteristics

We built a typology of silvopastoral paddock condi
tion in the region based on the following variables: 
species richness, abundance, Shannon diversity, 
Simpson diversity, diameter at breast height, com
mercial height, total height, timber volume per 

individual, timber volume per hectare, canopy area 
per tree, basal area per individual, basal area per 
hectare, tree density, canopy area per hectare, tree 
cover, and importance value index (Table 2). Since 
dominant species largely determine key ecosystem 
functions (Grime 1998), which are in turn associated 
with the capacity to generate ES, we quantified the 
level of dominance and relative abundance of indivi
dual tree species by computing 80% of the cumulative 
relative tree frequency within each paddock.

Using the 16 variables listed above (Table 2), we 
carried out a hierarchical cluster analysis (Ward 
method, Euclidean distance) to define paddock types 
(Figure 1). We used the gDGC test to identify multi
variate statistical differences between clusters 
(Valdano and Di Rienzo 2007, α = 0.05). At a second 
stage, we used linear mixed models (LMM) to assess 
differences in the composition and structure of trees 
among the paddock types (fixed effect) including farm 
effect as random factor to consider differences among 
farms (Casanoves et al. 2005). We applied the Fisher 
LSD test for mean differences (α = 0.05). To explore the 
main factors that determined differences among clus
ters, we performed a Principal Component Analysis 

Table 2. Calculation of paddock structural characteristics.
Component Variable Formula Unit Index

Structure CBH 
(Circumference Breast Height)

From the circumference at breast height, the diameter 
at breast height is determined by the following 
formula:  

DBH ¼ CBH
π

DBH

The basal area was determined from the diameter at 
breast height by the formula:  

g ¼ π
4 x DBH2

m2 ind−1 Basal area

The timber volume was determined from the basal 
area by the commercial height using the formula:  

Tv ¼ g x ch

m3 ind−1 Timber 
volume

Total height It was determined by measuring angles (tree apex, 
trunk base) with a distance clinometer using the 
following formula:  

th ¼ ;2� ;1ð Þ

100 x distance

m Total height

Commercial height It was determined by measuring angles (height of the 
first branch of the tree, base of the trunk) with 
a distance clinometer using the following formula:  

ch ¼ ;2� ;1ð Þ

100 xdistance

m Commercial 
height

The largest diameter of the tree crown and three 
crown diameters correspond to 45°, 90° and 
135° from the largest diameter direction.

It is calculated from the average of the diameters using 
the following formulas:  

Cd ¼
P4

i¼1
Cdi

n 
Ca ¼ π

4 x Cd2  

where, Cd is the mean crown diameter, Cdi the 
crown diameter of species i.

m2 ind−1 crown area

It is calculated from the crown area divided by the area 
of each paddock multiplied by 100 using the 
following formula:  

C ¼
P

Ca
A x100

% Percentage 
of tree 
cover
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(PCA) using the InfoStat program (Di Rienzo et al.  
2018) and R 3.4.4 software (R Core Development 
Team 2018), using the Ade 4.

B. Perceived ecosystem services provided by tree 
species in the study livestock systems surveys
To understand and analyze the different ES attributed 
to trees in livestock systems in the region and the 
level of appreciation of these benefits, a three-step 
process was followed with the 48 livestock farmers 
that participated in the study.

(i) We collected information on the goods and 
services provided by trees in the livestock 
systems by conducting a semi-structured sur
vey. The survey (Supplementary 1) was 
applied to each farmer without sequence or 
order, allowing the informants to speak freely 
and refer to their experiences with the tree 
resources, but with a focus on the interac
tions of the trees with the soil and the pas
tures (regulating services), as well as the uses, 
the effects of the tree component with the 
other elements of the farm, and specific ben
efits obtained from the trees.

(ii) The interviews were transcribed without 
interpretation (in the producer’s own words) 
and from each interview unit, statements were 
extracted and recognized as opinions on some 
specific topic (short sentences that express 
a clear and precise idea) (Dixon et al. 2001).

(iii) With this information, we built a database of 
the ES identified by the farmers as generated 
by the trees in the livestock production systems 
in the region.

According to the identified ES (livestock feed, timber 
production, water protection, shade for livestock and 
nutrient inputs to the soil), the average number of ES 
provided by trees per paddock was calculated. The 
level of ES provision per paddock was estimated 
quantitatively by multiplying the ES generated by 
each tree species times the number of individuals of 
the species in each paddock.

Farmers’ valuation of tree species and ES

To assess quantitatively the value attached to each 
species, and indirectly to the ES it generates, we 
computed the index of cultural importance (ICI) for 
each species following the methodology proposed by 
Sánchez et al. (2017): 

where Iu (Intensity of Use) represents, the number of 
ES attributed to a given species, Fm is the Frequency 
by which each species was mentioned by the infor
mants, i.e. the sum of the number of times a species 
was referred to in the interviews, considering all uses 
and all informants, Vux (the Use value) is the pro
portion of times in which each species was associated 
with a given ES. The sum of the ICI across tree 
species was calculated and divided by the paddock 

Figure 1. Conceptual model of paddock system typology based on tree composition, diversity, and structure.
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total area, and therefore converted to an ICI per 
hectare.

C. Relationship between the relative importance of 
the tree species in the paddocks and the knowledge 
assessment of tree ecosystem services in the study 
paddocks
To assess the relationship between the biophysical 
importance of each tree species in the paddocks 
(IVI) and the value attached to the species (ICI), 
a Spearman correlation analysis was performed 
between area-based ICI and IVI. We then analyzed 
how ICI and IVI varied across paddock types, using 
an ANOVA.

The data generated in the study have been pub
lished at https://osf.io/uyr43

Results

Tree species composition and diversity in the 
study paddocks

A total of 4 657 trees were surveyed in 430.8 ha, in 
159 paddocks with an average area per paddock of 
5.78 ± 0.09 ha. We found 143 species of trees belong
ing to 37 families. The species Bellucia pentamera 
(Pomo) showed the highest values for RA (12.83%) 
and RF (6.65%), as well as IVI (26.08%) and Aegiphila 
integrifolia (Tabaquillo, included in the category 
‘other species’) presented the lowest values for 
Relative abundance (RA) (0.01%), Relative domi
nance (RD) (0.00%), Relative Frequency (RF) 
(0.11%) and Importance Value Index (IVI) (0.12) 
(Table 3). Gmelina arborea (Melina) had the highest 
RD (11.86%). B. pentamera, Psidium guajava 
(Guayabo) and G. arborea were the three tree species 

with a highest IVI (26.08; 21.13; 19.59 respectively). 
The two species with highest IVI are fruit-producing 
species, which are important for cattle feeding 
(Table 3).

Typology of paddocks based on tree species 
composition and diversity structure

The cluster analysis based on 16 variables of tree 
species composition and diversity allowed to deter
mine four paddock types (Figure 2) that we defined 
as: i) High structural complexity and highest tree 
species richness (HSCR); ii) High species diversity 
and tall trees (HDTT); iii) High species diversity 
and medium-sized trees (HDMT); and iv) 
Structurally simple with lowest species richness 
(SSLR).

Paddock types differed significantly in species 
richness and number of trees (p < 0.0001) (Table 5), 
but we found no differences in species diversity esti
mated by the Shannon and Simpson indices. 
Regarding structural variables, we found highly sig
nificant differences among paddock condition states 
in terms of mean DBH, commercial height, total 
height, timber volume per individual and per hectare, 
canopy area per individual and per hectare, basal area 
per individual and per hectare, tree cover and IVI (p  
< 0.0001) (Table 5). A detailed description of the 
paddock types is provided below.

High structural complexity and highest tree 
species richness (HSCR)

This paddock type represented 6.8% of the total 
number of paddocks (n = 10). It is characterized by 
the highest tree species richness (11.70 ± 2.53) and 

Table 3. Importance Value Index (IVI) computed for the tree species found in the paddocks, based on 
relative abundance RA (%), relative dominance RD (%) and relative frequency RF (%).

Species Common name RA RD RF IVI

Bellucia pentamera Pomo 12.83 6.60 6.65 26.08
Psidium guajava Guayabo común 11.15 3.86 6.12 21.13
Gmelina arborea Melina 5.30 11.86 2.43 19.59
Andira inermis Cobre 3.73 5.27 3.80 12.80
Zygia longifolia Carbon 3.50 3.75 3.06 10.31
Guarea guidonia Bilibil 3.13 4.18 2.95 10.27
Ocotea longifolia Laurel 4.90 3.84 1.37 10.10
Astrocaryum murumuru Chuchana 2.27 5.18 1.79 9.25
Miconia elata Chilco 3.51 1.60 3.80 8.91
Vitex orinocensis Flor morado 1.91 3.65 2.95 8.51
Miconia minutiflora Chilco 2.94 1.53 3.69 8.16
Cupania latifolia Chiriguaco 2.47 2.64 2.32 7.43
Sapium glandulosum Cauchillo 3.13 1.22 1.69 6.04
Hieronyma rufa Chuguacá 2.51 1.46 1.90 5.87
Mangifera indica Mango 0.67 3.57 1.16 5.40
Ficus yoponensis Higueron 1.71 1.45 2.22 5.37
Myrcia splendens Arrayan 2.09 0.88 2.32 5.29
Vismia baccifera Lacre 2.59 0.64 2.00 5.23
Erythrina fusca Pizamo 1.49 1.87 1.69 5.05
Attalea sp. Guajo 1.06 2.46 1.48 5.00
Citrus limon Limon 1.60 0.76 1.90 4.26
Piptocoma discolor Boca Indio 1.45 0.92 1.48 3.84
Other species 24.06 30.77 41.43 96.06
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the highest tree abundance per paddock (87.70 ±  
33.81) (Table 5). In terms of structure, this paddock 
type has the highest number of individuals per hec
tare (40.15 ± 2.66 ind ha−1), the highest timber 
volume (7.67 ± 0.65 m3 ha−1), the largest basal area 
(2.22 ± 0.16 m2 ha−1), the largest canopy area per ha 
(2725.44 ± 134.66 m2 ha−1), and the highest percen
tage of tree cover (27.25 ± 1.35%). These variables 
indicate high complexity of tree composition, which 
was represented by the highest IVI (3.32 ± 0.37) 
(Table 5). Thirteen tree species composed 80% of 
the cumulative relative frequency, including Zygia 
longifolia (Carbón), Guarea Guidonia (Bili bil) 
Psidium guajava, Bellucia pentamera and Ficus don
nell (Higerón) (Table 4).

High species diversity and tall trees (HDTT)

This paddock type represented 20% of the total num
ber of paddocks (n = 32). It is characterized by inter
mediate tree species richness (5.56 ± 0.74), and big 
trees with mean DBH = 33.48 ± 1.43, total height =  

9.59 ± 0.40 m, basal area = 0.12 ± 0.01 m2 ind−1. This 
type had the largest timber volume per individual 
(0.46 ± 0.05 m3). The commercial height (3.44 ± 0.21  
m), the canopy area per tree (79.96 ± 6.23 m2 ind−1) 
and IVI (2.77 ± 0.22), were not significantly different 
from HSCR paddocks (Table 5). Fourteen tree species 
composed 80% cumulative relative frequency includ
ing Zygia longifolia, Psidium guajava, Andira inermis 
(Cobre), Gmelina arborea, Ficus yoponensis (Table 4).

High species diversity and medium-sized trees 
(HDMT)

Paddock type HDMT had the largest number of pad
docks (n = 83), representing 52.2% of the total number 
of study paddocks. Similarly, to HDTT, this type was 
characterized by intermediate tree species richness 
6.36 ± 0.51 (Table 5). Their structural variables DBH 
(20.58 ± 1.15), total height (6.97 ± 0.36 m), timber 
volume (0.11 ± 0.03 m3 ind−1) and basal area (0.04 ±  
0.01 m2 ind−1) per individual were similar to those in 
HSCR; while the number of individuals per hectare 

Figure 2. Sample-size-based rarefaction (solid lines). The 95% confidence intervals (gray-shaded regions) were obtained by 
a bootstrap method based on 1000 replications. The expected coverage for the sampling effort in the study paddocks was 99%.
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(10.15 ± 1.24 ind ha−1), tree canopy (474.82 ± 48.1 m2 

ha−1) and the percentage of tree cover (4.75 ± 0.48%) 
was similar to HDTT paddocks (Table 5). However, the 
commercial height, the canopy area and the IVI in this 
group were significantly lower compared to HSCR and 
HDTT. Twenty tree species made up 80% of the cumu
lative relative frequency, such as Bellucia pentamera, 
Psidium guajava, Sapium glandulosum, Gmelina 
arborea and Ocotea longifolia (Table 4).

Structurally simple with lowest species richness 
(SSLR)

SSLR represented 21% of the total number of pad
docks (n = 34). It is characterized by the lowest tree 
species richness (2.85 ± 0.42) and abundance (Table 5). 
Regarding structural variables, this group also presents 
the lowest means, except for the number of individuals 
per hectare (6.67 ± 1.64 ind ha−1), which was similar to 
values of HDTT (Table 5). These types present the 
highest skewness in dominance, with only six tree 
species accounting for 80% cumulative relative fre
quency, including Sapium glandulosum, Psidium gua
java, Bellucia pentamera, Miconia minutiflora, 
Astrocaryum murumuru (Table 4).

The different types of paddocks were repre
sented in a biplot constructed from a principal 

components analysis to show the ordering of the 
clustering and the variables most associated with 
each group (Figure 3).

The variables most associated with the HSCR type 
were species richness and abundance, and the 
Shannon and Simpson indices (Figure 3); likewise, 
this type presented the highest number of trees per 
ha, canopy area, tree cover, basal area, and timber 
volume. The HDTT type was associated with high 
individual basal area, canopy area and timber volume, 
indicating the dominance of large, tall trees, with 
trees with the highest total and commercial height 
and DBH. The HDMT and SSLR types were not 
associated with any variable (Figure 3). Tree species 
richness varied between paddock types, indicating 
differences among them in terms of the biodiversity 
conservation value. The HSCR type was characterized 
by the highest tree species richness, HDTT and 
HDMT types, presented intermediate species richness 
values and SSLR type were associated to the lowest 
values (Figure 4).

Ecosystem services provided by trees in livestock 
systems

Our work also aimed at characterizing the provision 
of ES by the trees in dual-purpose livestock systems 

Table 4. Tree species composing 80% of cumulative abundance in each silvopastoral typology in livestock farms under the dual- 
purpose system in the humid Amazonian tropic of Colombia.

High structural complexity and 
highest tree species richness 

(HSCR)
High species diversity and tall trees 

(HDTT)
High species diversity and 

medium-sized trees (HDMT)
Structurally simple with lowest 

species richness (SSLR)

Nº Name Scientific RF CRF Nº Name Scientific RF CRF Nº Name Scientific RF CRF Nº Name Scientific RF CRF

1 Zygia longifolia 0.13 0.13 1 Zygia longifolia 0.18 0.18 1 Bellucia 
pentamera

0.16 0.16 1 Sapium glandulosum 0.24 0.24

2 Guarea guidonia 0.13 0.26 2 Psidium guajava 0.13 0.31 2 Psidium guajava 0.12 0.29 2 Psidium guajava 0.23 0.47
3 Psidium guajava 0.12 0.38 3 Andira inermis 0.12 0.43 3 Sapium 

glandulosum
0.08 0.37 3 Bellucia pentamera 0.16 0.63

4 Bellucia 
pentamera

0.07 0.45 4 Gmelina arborea 0.09 0.52 4 Gmelina arborea 0.05 0.42 4 Miconia minutiflora 0.07 0.70

5 Ficus donnell 0.06 0.50 5 Ficus yoponensis 0.05 0.57 5 Ocotea longifolia 0.05 0.47 5 Astrocaryum 
murumuru

0.06 0.76

6 Ocotea longifolia 0.06 0.56 6 Erythrina fusca 0.05 0.62 6 Zygia longifolia 0.03 0.50 6 Vismia baccifera 0.04 0.80
7 Andira inermis 0.05 0.61 7 Elaeif guianensis 0.04 0.66 7 Astrocaryum 

murumuru
0.03 0.54

8 Miconia 
minutiflora

0.04 0.65 8 Vitex orinocensis 0.03 0.68 8 Andira inermis 0.03 0.57

9 Miconia elata 0.04 0.69 9 Ficus donnell 0.02 0.71 9 Guarea guidonia 0.03 0.60
10 Astrocaryum 

murumuru
0.03 0.72 10 Ocotea longifolia 0.02 0.73 10 Clitoria 

fairchildiana
0.02 0.62

11 Gmelina arborea 0.03 0.75 11 Iriartea deltoidea 0.02 0.75 11 Vismia baccifera 0.02 0.64
12 Rollinia mucosa 0.03 0.77 12 Bellucia pentamera 0.02 0.77 12 Ficus yoponensis 0.02 0.67
13 Ficus yoponensis 0.02 0.80 13 Attalea sp 0.02 0.79 13 Miconia elata 0.02 0.69

14 Myrcia splendens 0.01 0.80 14 Piptocoma 
discolor

0.02 0.71

15 Miconia 
minutiflora

0.02 0.72

16 Erythrina fusca 0.02 0.74
17 Bauhinia 

tarapotensis
0.01 0.75

18 Tachigali sp 0.01 0.76
19 Hieronyma rufa 0.01 0.78
20 Inga thibaudiana 0.01 0.79
21 Citrus limon 0.01 0.80

RF = Relative Frequency; CRF = Cumulative RF. 
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Figure 3. Biplot constructed with structure and diversity variables: Species richness (Sp), Abundance (Ab), Shannon diversity 
(Sd), Simpson diversity (Simd), Diameter at Breast Height (DBH), Commercial height (Ch), Total height (Th), Timber volume per 
individual (TvInd) Timber volume per ha (TvHa), Canopy area per tree (CaInd), Basal area per individual (BaInd) and Basal area 
per hectare (BaHa), Tree density (IndHa), Canopy area per hectare (CaHa), Tree cover (TC), Importance Value Index (IVI). The plot 
shows the four paddock condition types identified: HSCR: High structural complexity and highest tree species richness, HDTT: 
High species diversity and tall trees, HDMT: High species diversity and medium-sized trees and SSLR: Structurally simple with 
lowest species richness.

Figure 4. Average number of tree species richness by paddock condition type.
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in the Amazonian foothills of the department of 
Caquetá, Colombia. The main ES identified by the 
farmers were provisioning services (i.e. livestock feed 
and timber) and regulating services (i.e. protection of 
water sources, shade for livestock and maintenance of 
soil fertility). In this study, 22 species with the highest 
IVI had a cumulative relative frequency of 57% of the 
total tree species surveyed. Six of these species did not 
provide any ecosystem services for the livestock sys
tem recognized by the interviewed farmers: Guarea 
guidonia, Vitex orinocensis (Flor morado), Hieronyma 
rufa (Chuguacá), Mangifera indica (Mango), Myrcia 
splendens (Arrayán), Piptocoma discolor (Boca indio). 
Sixteen species generated between four and one ES 
valued by the farmers (Table 6).

Ecosystem services provided by paddock types

The number of trees per hectare providing a given ES 
was calculated in the different paddock types. Based 
on estimates of tree density, HSCR paddocks generate 
multiple ES including, livestock feed, wood produc
tion, water protection and shade for cattle, with 10.80  

± 1.57, 18.41 ± 1.79, 5.71 ± 0.51 and 15.10 ± 1.45 trees 
ha−1, respectively. We found no significant differ
ences among paddock types in terms of nutrient 
inputs/maintenance of soil fertility. (p = 0.1047) 
(Table 7).

Based on basal area estimates, HSCR paddocks 
presented highly significant differences (p < 0.0001) 
compared to other paddock types for provisioning 
ES: feed for livestock, wood production and shade 
for livestock. Regarding regulating ES (protection 
of water sources), HSCR paddocks presented higher 
levels (p = 0.0005) than the other paddock types 
(DTT, DMT and LR). Also in this case, there 
were no significant differences in the ES soil nutri
ent inputs among types (Table 7).

The index of Cultural Importance (ICI) across 
paddock types

Amongst the 143 tree species present in the paddock 
systems, only 22 species had an ICI according to the 
farmers. The average ICI values per hectare showed 

Table 6. Provision of goods and ES recognized by 48 interviewed farmers for the main tree species (ordered 
according to their relative frequency) in the study livestock farms.

SPECIES Cattle feed Timber Water protection Shade Nutrient inputs

Bellucia pentamera X X X X
Psidium guajava X X
Gmelina arborea X X X
Andira inermis X
Zygia longifolia X X X
Ocotea longifolia X X
Astrocaryum murumuru X
Miconia elata X X
Miconia minutiflora X X
Cupania latifolia
Sapium glandulosum X
Ficus yoponensis X
Vismia baccifera X X
Erythrina fusca X X X X
Attalea sp. X
Citrus limón X

Table 7. ES weight average per hectare based on average number of trees and basal area of the tree species occurring in the 
paddock type.

Unit

Typology

High structural complexity 
and highest tree species 

richness (HSCR)

High species 
diversity and 

tall trees 
(HDTT)

High species diversity 
and medium-sized trees 

(HDMT)

Structurally simple with 
lowest species richness 

(SSLR) p-value

Average paddock 
area

ha 2.71 11.25 5.30 4.69 —-

Livestock feed trees ha−1 10.80 a 2.62 b 3.99 b 2.86 b 0.0001
Timber production 18.41 a 3.58 b 4.96 b 4.89 b <0.0001
Protection of Water 

Sources
5.71 a 0.54 b 1.05 b 1.13 b <0.0001

Shade for livestock 15.10 a 3.57 b 3.90 b 2.04 b <0.0001
Soil Nutrient inputs 1.34 a 0.46 ab 0.39 b 0.91 ab 0.1047
Livestock feed basal area 

ha−1
0.50 a 0.17 b 0.13 bc 0.03 c <0.0001

Timber production 0.74 a 0.23 b 0.22 b 0.05 b <0.0001
Protection of Water 

Sources
0.17 a 0.06 b 0.03 bc 0.02 c 0.0005

Shade for livestock 0.82 a 0.35 b 0.22 b 0.04 c <0.0001
Soil Nutrient inputs 0.04 a 0.03 ab 0.02 ab 0.01 b 0.1194
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differences between the different paddock types (p  
= 0.0002). HSCR paddocks had the highest average 
ICI per hectare (37.52 ± 7.48). We did not find sig
nificant differences between the LR and DMT types, 
but the average ICI values per hectare of these two 
types were higher than that of the DTT type 
(Figure 5).

Relationship between the Index of Cultural 
Importance (ICI) and the Importance Value Index 
(IVI) in the identified types

The value of the Spearman’s correlation coefficient 
between the IVI and the ICI was r = 0.53 (n = 31, p =  
0.0021). The IVI average values per hectare showed 
significant differences between the different paddock 
types (p < 0.0001). HSCR paddocks had the highest 
average IVI per hectare. We did not find significant 
differences between DMT and LR types, nor between 
LR and DTT types but the average IVI per hectare of 
the DTM type was higher than the value of the DTT 
type (Figure 5).

Discussion

Tree species conservation in the study livestock 
systems

The structure of ecosystems, in our case, agro- 
pastoral ecosystems, given by the way that biodiver
sity is integrated and managed in these systems, 
determines their condition and their capacity to deli
ver ecosystem services (United Nations 2021). This 
study presents, to our knowledge, the first 

characterization of the main silvopastoral systems in 
the Colombian Amazon, based on the tree composi
tion, diversity, and structure in 159 paddocks set up 
in the region of Caquetá, and linked to a quantitative 
assessment of their capacity to generate ecosystem 
services and of the value attached to these services.

According to Rodríguez-León et al. (2022), the land
scape of Caquetá is home to almost 1000 species of trees 
and shrubs. In a total sampled area of 430.8 ha, we 
found 143 tree species of 37 families, indicating the 
role of these systems in maintaining the diversity of 
trees in the region. This is related to many important 
functions provided by neotropical trees in production 
systems: i.e. regulating temperature, providing shade 
for livestock, retaining soil water, improving and main
taining soil fertility (Jose and Dollinger 2019). The 
diversity of this silvo-pastoral system appears to be 
lower than similar silvo-pastoral systems studied in 
Nicaragua, by Esquivel et al. (2009) and Sánchez et al. 
(2005), who reported 85 species in 46 ha and 180 species 
in 21.4 ha, respectively. Other references to the area 
include Villanueva-Partida et al. (2016) who report 64 
species in 64 ha of trees dispersed in pastures in south
ern Tabasco, Mexico; Esquivel et al. (2003), 99 woody 
perennial species in 836 ha; and Grande et al. (2010), 75 
tree species belonging to 31 families in 41.7 ha in live
stock systems in Sierra Tabasco. Further, compared to 
regions within Colombia, the silvopastoral systems in 
the Caquetá region appear to offer more opportunities 
for the conservation of native biodiversity than, for 
instance, the Caribbean microregions (Litoral, Golfo 
de Morrosquillo, Sabanas and Valle del Sinu), for 
which Cajas-Giron (2001) reported a total of 96 tree 
species in 54 silvopastoral paddocks with three size 

Figure 5. Relationship between the Index of Cultural Importance (ICI) and the Importance Value Index (IVI) in the four paddock 
condition types (HSCR= High structural complexity and highest tree species richness; HDTT= High species diversity and tall 
trees; HDMT= High species diversity and medium-sized trees; SSLR= Structurally simple with lowest species richness. Different 
letters indicate differences among means for IVI (capital letters) and for ICI (small letters) at p< 0.05.
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classes (<50; 50 to 100; and >100 ha). Regional differ
ences in terms of number of tree species reflect both 
different environmental factors and ecological condi
tions (Harvey et al. 2011), habitats (Sánchez et al. 2005) 
and climatic characteristics (temperature, rainfall, solar 
radiation), in addition to farmers’ preferences, their 
knowledge about the importance of trees in livestock 
production system, and the choices they make about 
which species to maintain and/or conserve in silvopas
toral paddocks (Cáceres et al. 2015; Barton et al. 2016).

Tree species composition of livestock systems

The features of the silvopastoral paddocks we identified 
are likely associated with different factors shaping the 
livestock systems in the region, including the capability 
of tree species to cope with anthropogenic changes in the 
soil and micro-climate, i.e. an environment with higher 
temperatures and more light than in the close-canopy 
forest that develops under the same ecological conditions 
(Aitken et al. 2008). Further, land-use changes and the 
history of use and management (Wassie et al. 2009) lead 
to differences in colonization rates of tree species in the 
silvopastoral landscape, determining tree species compo
sition and richness of paddocks tropical silvopastoral 
systems (Medina et al. 2004; Vílchez et al. 2004). These 
changes are caused by shifts in the local climate, but also 
through differences in seed dispersal by wildlife (birds, 
monkeys) (Wunderle 1997; Messeder et al. 2020) and 
cattle (Harvey et al. 2011; Pignataro et al. 2017), and by 
wind (Pignataro et al. 2017). For instance, B. pentamera 
and P. guajava are species with a high natural regenera
tion capacity and early-succession colonization traits in 
livestock systems in the Colombian Amazon. In our 
study, these two species showed high abundance and 
had the highest IVI compared to the other tree species 
(Table 2).

The condition of tropical silvopastoral systems also 
depends on the choices the farmer makes to maintain 
particular species at the time of clearing the forest, 
which relies on the farmer’s knowledge of the attributes 
and functions of the trees in the livestock systems 
(Barton et al. 2016), but which is further constrained 
by the characteristics of the forest before changing the 
land use from forest to silvopastoral system. In the 
Caquetá region, secondary forest, which is widely domi
nated by light demanding species, is common. We 
found species that are likely well adapted to regenerate 
in the open canopy of silvopastoral systems. Harvey 
et al. (2011) and Esquivel et al. (2009) found that trees 
can regenerate naturally in silvopastoral system and 
identified species with active regeneration (the case of 
B. pentamera and P. guajava in this investigation) and 
those with limited natural regeneration. These authors 
report that P. guajava, G. ulmifolia, and E. cyclocarpum 
showed high abundance in paddocks in Nicaragua and 
Costa Rica (Harvey et al. 2011), but Esquivel et al. 

(2009) report that P. guajava only had a high regenera
tive capacity in the juvenile stage. Trampling and graz
ing by livestock is also a critical factor in determining 
regeneration rates in silvopastoral systems (Esquivel 
et al. 2009; Rusch et al. 2017). Hence, forest succession 
and farmers knowledge both determine the composi
tion and the structure currently found in the paddocks 
in this study: i.e. large, low density, and tall trees, with 
few dominant species; or medium size trees with a large 
number of species.

Local knowledge of farmers and its impact on 
tree species conservation

The knowledge of the farmer and how this affects the 
management of the silvopastoral farm depends on the 
type of livestock systems and farmers’ needs (Esquivel 
et al. 2003; Sánchez et al. 2005; Esquivel et al. 2008; 
Wassie et al. 2009; Harvey et al. 2011; Suárez et al.  
2013; Barton et al. 2016; Sánchez et al. 2017). 
Farmers, with their knowledge of trees and on the 
ES they generate (forage, fruit, shade, timber, and 
firewood) can manage the natural regeneration of 
preferred trees by protecting saplings and adjusting 
the intensity of cattle grazing (Cajas-Giron 2001). 
Also, some indigenous communities have developed 
silvopastoral systems based on their traditional 
knowledge of the local natural resource (Pignataro 
et al. 2016). Management practices such as weeding 
in paddocks with the use of herbicides or manual 
methods also affect the composition of the trees in 
the paddocks (Camargo et al. 2000; Harvey et al.  
2011). All these management practices affect paddock 
tree structure, composition, and diversity, as we 
found in our study.

The tree species composition we found in the 
study paddocks is coherent with the knowledge the 
farmers have of the trees. The selective preservation 
of some trees is related to the ES they provide in the 
farms (livestock feed, timber provision, water protec
tion, shade for livestock and nutrient inputs to the 
soil). Also, Suárez et al. (2013) determined 15 peren
nial woody species that provide shade to the animals 
in the same livestock production system in the 
Colombian Amazon. Shade reduces heat stress, 
showed by lower rectal temperatures and respiratory 
rates, and higher production under the trees shade 
(Valtorta et al. 1997), but see also Ainsworth et al. 
(2012) for conflicting results. Farmers appear to have 
a clear understanding of this function by trees, and 
often qualify the trees according to its properties to 
provide a benign climate in the grazing areas for the 
animals. Further, Barton et al. (2016) demonstrated 
how the identification of a multifunctional tree port
folios can meet a desired and farmer-prioritized eco
system services profile, seeking to ensure that 
ecosystem services improve provisioning and 
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regulating services in the livestock system. Local 
knowledge about the value generated by the tree 
cover therefore seems to help maintain many species 
in livestock systems, thus contributing to protect 
a good number of species in the Colombian Amazon.

However, amongst the 143 species we found in the 
study systems, only 22 were ubiquitous (cumulative 
relative frequency = 57%). The 22 species were typical 
of secondary forest succession. From these 22 tree 
species, 16 were recognized as producing ES relevant 
for animal production. Further, managing species 
diverse systems can considerably increase the demand 
for labor, which can be a severe constraint in silvo
pastoral systems worldwide (Barton et al. 2017; 
Nyberg et al. 2020). Harvey et al. (2011) suggested 
that the recognition by farmers of the provision of 
ecosystem goods and services from trees leads to an 
increase in the number of trees in grazing areas, but 
on the other hand may limit the tree composition to 
a few favored species. Hence, this dependence on few 
tree species and their ES in silvopastoral systems is 
not sufficient to protect biodiversity in the livestock 
production systems in the Colombian Amazon, espe
cially for species depending on primary forest tree 
species and habitats (Manning et al. 2006). It further 
highlights the need for strategies that combine set 
asides of patches of primary forest embedded in bio
diversity-friendly production landscapes to achieve 
the conservation and sustainable use of tropical forest 
biodiversity (IPBES 2019).

On the other hand, some species appear to persist 
in the livestock production system despite not being 
specifically valued by the farmers. For instance, 
G. guidonia, V. orinocensis, C. latifolia, H. rufa, 
M. splandens and P. discolor were not recognized by 
the farmers as important for the generation of ES, but 
this group of tree species are early-succession coloni
zers and are dispersed by cattle, birds or wind and 
have high reproductive capacities (Stevens et al.  
2001). These characteristics favor the regeneration 
of these tree species, allowing them to successfully 
overcome low seed availability, high solar radiation, 
high evapotranspiration, degraded soils, grazing and 
cattle trampling (Nepstad et al. 1996; Holl 1999).

The sustainability of the paddocks and the live
stock system in the Amazon region will be achieved 
by increasing and conserving the diversity of trees 
in the grazing areas. It has been reported (Esquivel 
et al. 2008; Rusch et al. 2017) that there are limita
tions to recruitment of new trees in silvopastoral 
systems due to trampling and browsing pressure 
caused by animals. For this reason, it is necessary 
to protect selected saplings (e.g. with small exclo
sures) to allow the establishment of tree samplings, 
a practice that is common in e.g. wooded meadows. 
It may be necessary also to change weed control 
practices with fire and herbicides. Such practices 

have in some instances positive effects on tree 
regeneration (Spooner et al. 2002; Esquivel et al.  
2008; Fischer et al. 2009), but have negative effects 
on soil conservation and climate change mitigation 
(Pagiola et al. 2007; Verchot et al. 2007; Casals 
et al. 2014, Hoosbeek et al. 2018; Álvarez et al.  
2021b). Tree species conservation and sustainable 
use may be also enhanced through incentives such 
as direct payments (e.g. Payments for Ecosystem 
Services) in silvopastoral systems in Colombia 
(Calle et al. 2013; Lee et al. 2020) promoting tree 
species preservation in livestock systems. These 
instruments can facilitate the transition towards 
new technologies and reduce the constraints that 
arise from the lack of labor (Barton et al. 2017; 
Nyberg et al. 2020) and access to knowledge (Calle 
et al. 2013).

Relation between the Index Cultural Importance 
(ICI) and livestock system types

The ES encompass contributions of nature to people 
(Díaz et al. 2015), and are a way of conceptualizing 
and assessing the importance attributed by humans to 
nature. ES thus imply a conceptualization of socio- 
ecological system (Pascual et al. 2010; Haines-Young  
2011), characterized by a set of interlinked elements 
which enables the analysis of the capacity of an eco
system to generate these benefits and the level of their 
appreciation by people (Barton et al. 2018). In this 
context, the cultural value index is a quantitative 
representation of the importance of the benefits 
attributed to different tree species in these silvopas
toral systems.

The relationship between silvopastoral paddock typol
ogies and cultural value indexes is closely linked to the 
functional diversity of tree species and the diversity of ES 
that support the production of livestock systems. Díaz 
et al. (2011) state that the strategy of the farmers tends to 
maximize the benefits through the intensive and specia
lized use of a small number of ES that support the 
products for markets, although as shown in our study, 
and in agreement with other studies on silvopastoral 
systems in Latin America (Rusch et al. 2017), regulating 
and cultural services are important too.

In this study, only 16 tree species presented indices of 
cultural value, linked to a high dependence on some ES 
provided by trees. This coincides with the work carried 
out by Cáceres et al. (2015), in the Gran Chaco region of 
Argentina, where large farmers and ranchers recognized 
a dependence of only a small number of ES generated by 
tree species, but contrasts with a high diversity of uses 
and knowledge of silvopastoral trees in African systems 
(Barton et al. 2016). ES assessments need to consider that 
different social actors perceive, access and use ecosystems 
and their functional diversity in very different ways (Díaz 
et al. 2011).
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Silvopastoral paddock features, farmers’ decisions 
and ecosystem services
The tree composition of paddock types in the 
Colombian Amazon region appears to be shaped by 
the biophysical characteristics of the sites, the history 
of land-use, the regeneration capacity of the species 
under grazing, and finally by the management deci
sions of farmers. These particularities are given by the 
combination of different management strategies, land 
use history, cropping systems and socio-economic 
conditions (Harvey et al. 2011). Based on their per
ception about the benefits and costs related to keep
ing and promoting trees in the farm, farmers can 
actively design the composition and structure of the 
paddock types using their knowledge on tree species, 
trees’ costs and benefits, their expressed needs, and 
aspirations, as well as scientific knowledge regarding 
the ES and benefits they generate (Barton et al. 2016). 
Further, the use of an ES approach in our study, 
enabled to reveal a plurality of values associated 
with the silvopastoral ecosystem in the Colombian 
Amazon region, including regulating functions and 
their contribution to maintaining neotropical biodi
versity (IPBES 2022). As called for by Pérez 
Marulanda et al. (2020), this step can enable the 
inclusion of additional environmental benefits gener
ated by these silvopastoral landscapes which are 
unaccounted in current assessments of socio- 
economic and environmental sustainability, and can 
help identify possible conflicts among multiple objec
tives when managing production systems, as well as 
address and solve trade-offs (Rusch et al. 2017).

The HSCR type corresponded to paddocks with 
complex structure and the greatest richness of tree 
species. The type is dominated by old trees, of great 
height and diameter, and low densities. These types 
of paddocks corresponded to only 10 paddocks out of 
the 159 paddocks comprised in the study. However, 
the conservation of trees in low densities in the pad
dock allows to maintain many ES in the livestock 
system which farmers value. Martínez-Enciso and 
Villanueva-López (2013) found very similar results, 
reporting that large trees (large size in diameter and 
height) were less frequent in the farms evaluated in 
the Sierra de Tabasco, Mexico. This type likely has its 
origin in mature forests that were selectively clear- 
cut, where the farmer has maintained large and tall 
trees for the generation of ecosystem services (shade, 
feed, scenic beauty), and seeking the welfare of the 
cattle (Barton et al. 2016). Esquivel et al. (2011) and 
Harvey et al. (2011) reach to similar conclusions for 
systems in Central America, indicating that big and 
sparse trees are remnants after clearing primary for
est. The trees have been preserved in the pasture 
areas to generate shade for the animals and are con
sidered not to compete for pasture production 
(Anfinnsen et al. 2009). This kind of management is 

likely due to the farmer’s perception of the benefits of 
shade for the livestock, and at the same time to their 
knowledge about how to manage levels of shade that 
do not affect pasture productivity (Rusch et al. 2014; 
Esquivel et al. 2019; Álvarez et al. 2021a).

DMT paddocks encompass more than half of the 
paddocks in the study. They have characteristics such 
as the presence of young trees, medium heights and 
diameters, low abundance of individual trees species 
and high tree species richness. These characteristics 
are likely due to two factors: i) farmers tend to man
age a wide diversity of species in grazing areas to 
meet different needs and ii) the colonization of trees 
in the paddocks is not controlled by regular practices 
of shrub clearing, burning, or the use of rotational 
grazing with temporary high grazing pressures. 
Farmers can selectively reduce the damage and mor
tality of preferred trees by protecting seedlings and 
saplings in their livestock systems (Camargo et al.  
2000). Species with large canopy are kept at low 
densities, while species with smaller canopy areas 
are found at high densities (Esquivel et al. 2003). In 
our study, the composition, diversity, and structure of 
HDMT paddocks seem to be determined by the farm
ers weighting in other benefits than grass production 
in their decisions about the tree composition of the 
silvopastoral paddocks. Maintaining diverse paddocks 
can be a means to resolve tradeoffs among ES, such as 
the production of feed by trees during the dry season 
and grass production (Harvey et al. 2011). High tree 
density in livestock systems can be limited by the 
higher workload in managing these systems (Barton 
et al. 2016) and lower proportions of off-farm rev
enue in smallholder farms (Nyberg et al. 2020).

On the other hand, the lowest tree species richness 
of SSLR type can be due to a different understanding 
about the function and the generation of ES by silvo
pastoral systems. Esquivel et al. (2003) state that tree 
cover and density are low, irregular, and dispersed in 
paddocks when most of the trees are eliminated dur
ing the establishment of monoculture pastures. It can 
indicate a form of degradation of the silvopastoral 
system, likely due to the farmers facing stronger 
fodder constraints and perceiving the benefits gener
ated by the trees as less important.

In summary, our findings show highly different 
composition of paddock types, which are likely the 
result of a complex association of diverse factors, 
emerging from the ecological and socio-economic 
context in which these ecosystem services are pro
duced and managed.

Conclusions

The complexity of the tree cover in the silvopastoral 
paddocks analyzed was related to the number of ES 
offered by trees including the provision of shade, the 
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supply of wood and the protection of water sources, 
as the attributes mentioned by the farmers to justify 
tree selection in the pastures.

In this first study on the kinds of livestock systems 
in the Colombian Amazonia, we built a typology of 
silvopastoral paddocks condition. The typology is 
based on variables of species composition and tree 
measurements within these systems. Differences 
among types are mainly related to species richness, 
density and structure of shade tree species. These 
typologies are also related to the knowledge of the 
farmers, the ES they generate, and the value given by 
the farmers.

A high diversity of tree species has persisted in this 
silvopastoral landscape despite the expansion of live
stock. This persistence is related to the favorable 
perception of the livestock farmers on the different 
ES generated by some tree species selected during the 
processes of natural regeneration, planted in the pad
docks or by remnant trees from original forest.

These results are even more important with the 
current dynamics of the territory in the post-conflict 
context of the Colombian Amazon (Armenteras 
et al. 2006). We believe they are a basis to encourage 
the conservation of the diversity of trees in silvopas
toral systems in the region. Future work may con
sider improving the knowledge by farmers on the 
potential of diverse systems to generate ES and 
about the important tree diversity the livestock sys
tems may host. Setting aside non-use areas of forest 
with low human impact within the landscape is 
critical because the silvopastoral system helps main
tain only a subset of the regional species pool. 
Making available plant material to reproduce native 
tree species in the livestock production system is 
also of great importance, so that trees are not 
replaced by a few exotics, globally distributed spe
cies. Focusing on farmers’ knowledge on tree ES can 
help in this direction of strengthening native tree 
species conservation and related ES within the live
stock production landscape.
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