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Abstract Agroecosystems are facing a global challenge

amidst a socioecological transition that places them in a

dilemma between increasing land-use intensity to meet the

growing demand of food, feed, fibres and fuels, while

avoiding the loss of biodiversity and ecosystem services.

We applied an intermediate disturbance-complexity

approach to the land-use changes of a Latin American

biocultural landscape (Cauca river valley, Colombia,

1943–2010), which accounts for the joint behaviour of

human appropriation of photosynthetic capacity used as a

measure of disturbance, and a selection of land metrics that

account for landscape ecological functionality. We also

delved deeper into local land-use changes in order to

identify the main socioeconomic drivers and ruling agen-

cies at stake. The results show that traditional organic

mixed-farming tended to disappear as a result of sugarcane

intensification. The analysis confirms the intermediate

disturbance-complexity hypothesis by showing a nonlinear

relationship, where the highest level of landscape com-

plexity (heterogeneity–connectivity) is attained when dis-

turbance peaks at 50–60%. The study proves the usefulness

of transferring the concept of intermediate disturbance to

biocultural landscapes and suggests that conservation of

heterogeneous and well-connected mixed-farming, with a

positive interplay between intermediate level of distur-

bances and land-use complexity endowed with a rich

intercultural heritage, will preserve a wildlife-friendly

agro-ecological matrix likely to house high biodiversity

and ecosystem services.

Keywords Biocultural heritage � Disturbance ecology �
Human appropriation of net primary production �
Landscape agroecology � Latin America � Colombia

Introduction

During the last half-century, the increase of global agri-

cultural production has required growing inputs of syn-

thetic fertilizer, irrigation water and cultivated land

(Cassman 1999; Tilman et al. 2002). Triggered by the

intensification of specialized high-yielding cash crops, such

as for the production of livestock feed and more recently

agro-fuels, modernized agriculture is following a historical

path of land-cover and land-use change (LCLUC) (Lambin

et al. 2003). This phenomenon has negative effects,

including the contribution to climate change (Chase et al.

2000), soil degradation (Foley et al. 2005), biodiversity

loss and alteration of ecosystem services (Sala et al. 2000).

Agricultural land-use areas are growing, particularly in the

tropics, as a result of current trends in population and

consumption growth, which together are predicted to

increase the global food, feed and biofuels demand for at

least another 50 years (Thomson et al. 2010). These trends

may double the amount of land assigned for agriculture and

threaten some of the most biodiverse ecosystems in the

world (Foley et al. 2005).
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In relation to the food-biodiversity dilemma (Godfray

et al. 2010; Cardinale et al. 2012), recent paradigms on

biodiversity conservation acknowledge that sustainable

farm systems depend on preserving biocultural landscapes

(Vandermeer and Perfecto 2007; Franklin and Linden-

mayer 2009), that is, on complex geographic areas char-

acterized by biotic and cultural elements which are

interrelated and coevolve at different degrees (Pungetti

2013; Agnoletti and Emanueli 2016). These biocultural

landscapes have evolved from multigenerational interven-

tions in agroecosystems, but in ways that retain the func-

tioning of key ecological processes (Chazdon et al. 2009).

In contrast, it has been argued that natural reserves and set-

aside policies have important limitations ensuring biodi-

versity conservation and ecosystem services, in the face of

the above-mentioned challenges (Franklin and Linden-

mayer 2009). A successful strategy of biodiversity con-

servation has to actively incorporate the whole land-matrix

currently managed for human uses (Bengtsson et al. 2003;

Tscharntke et al. 2012). This involves a wide interdisci-

plinary research on a new land-sharing approach that goes

beyond the classical land-sparing viewpoints in biodiver-

sity conservation (Green et al. 2005; Matson and Vitousek

2006), to focus on the associated biodiversity that tradi-

tional as well as new types of wildlife-friendly farming

may provide (Tscharntke et al. 2005; Perfecto and Van-

dermeer 2010).

The global expansion of sugarcane production may

serve as an example for the socioecological challenges that

industrial agriculture is facing. According to FAO, 27

million hectares of sugarcane was harvested in tropical and

subtropical zones of the world (2014).

Between 2005 and 2014, nearly 1900 million tons of

sugarcane was produced per year, accounting for close to

two-thirds of the global sugar production (FAO 2015).

Colombia is a country where sugarcane production is

expanding. In the coming years, it is expected to grow at

annual rates of 10% or more (Bendeck 2013). With five

million hectares of land suitable for agriculture and an

increasing capacity to produce ethanol, this scenario makes

Colombia a priority region for biodiversity conservation

and sustainable development.

The Cauca river valley, one of the most populated and

economically important regions in Colombia, has suffered

massive land-cover changes and an increase in land-use

intensity driven mainly by the establishment of sugarcane

plantations (Delgadillo-Vargas et al. 2016). We investi-

gated the land-use change in the period 1943–2010 and

researched how different levels of human disturbance in

agroecosystems are associated with landscape processes.

To explore the relationship between anthropic disturbances

(measured in energy terms) and land-matrix ecological

functioning (measured by land-cover metrics) in the Cauca

river valley (Palmira municipality case study), we applied

an energy–landscape integrated analysis (Marull et al.

2016a), in order to elucidate the role of sustainable farm

systems on maintaining biodiversity and ecosystem ser-

vices in human-transformed landscapes.

The Cauca river valley

Human occupation of Colombia dates from at least 14500

BP. It was from 2000 BP that increasingly complex societies

with well-differentiated cultures accompanied by agricul-

tural intensification became established (Melo 1998). The

Cauca river valley was originally a dry tropical forest mixed

with rich vegetation suitable for pastures (Berrı́o et al. 2002).

The earlier agricultural system was in place with pre-His-

panic cultures, and this was maintained throughout the

Spanish conquest. The main biological changes were the

introduction of European crop varieties (Patiño 1977;

Zuluaga 1992) and domesticated animals grazing savannah

which, as a consequence, replaced the existing dry tropical

forests. The origins of industrial agriculture are to be traced

back to 1850, when the European colonial power established

a trade-dependent economy. In this period, family enter-

prises were established that would later cement into the agro-

industrial model that the region adopted towards the mid-

twentieth Century. Japanese immigration since the early

twentieth century accelerated the introduction of techno-

logical innovations such as machineries for cereal cropping,

while livestock specialization (with African pastures and

cattle breeding) and better transport infrastructure (such as

steam boats on the Cauca river, railways and the opening of

the Panama channel) drove the globalization of locally tra-

ded commodities (coffee, cocoa, tobacco) and the conse-

quent expansion of the agricultural frontier.

Between 1931 and 1973, agricultural industrialization

advanced rapidly. The international situation created by the

Cuban Revolution (which gave local farmers the opportunity

to participate in the US sugar market, although this never

really happened) and the implementation of US cooperation

programs such as Peace Corps, and Alliance for Progress

resulted in a standardization of agrarian policies for devel-

opment (Piñeiro et al. 1982). For instance, the overlapping

pursuit of agricultural modernization by US Department,

Colombian Ministry of Agriculture and Rockefeller Foun-

dation founded the modern agricultural development in

Colombia. In the Cauca river valley, technological innova-

tion and intensification were influenced by US-based

development works (Lorek 2013), such as Tennessee

Authority which promoted the creation of Corporación

Autónoma Regional del Valle del Cauca (CVC), a govern-

ment body managed, in practice, by local businessmen.

Between 1954 and 1995, CVC executed major infrastructure
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works that were the basis for the expansion of a modern

industrial agricultural system focused on cash crop produc-

tion, with considerable negative effects on the environment.

Between 1950 and 1972, the rural population in

Colombia decreased from two-thirds to one half, and the

contribution of agriculture to the GDP diminished from 40

to 26%. This was associated with the establishment of a

capitalist-based production system focused on cotton,

sugarcane, rice and soy, which grew at an annual produc-

tion rate of 8.2%, that is, five times faster than traditional

crops such as beans, yucca and banana, and three times

faster than mixed traditional-capitalist crop systems, such

as corn, coffee, potato, wheat, tobacco and cocoa (Escobar

1996). The Cauca river valley economy was characterized

until 1950s by ranching and small/medium sugar produc-

tion, with multi-purpose extensive cattle farms (Rivera

et al. 2007). The development of irrigation systems and the

construction of dikes for flood regulation facilitated this

transition, which after the 1970s resulted in a capitalist

industrial system with synthetic fertilization, pesticides,

mechanization and water pumping. Farmland was rede-

signed for this purpose, sugarcane expanded, and agro-

ecological processes and work relations were reconfigured.

Agrarian industrialization and associated urban sprawl

along the Cauca valley (Delgadillo-Vargas et al. 2016)

modified the landscape ecology parameters.

Between 1974 and 1993, the most drastic changes took

place with the intensive implementation of a new economic

system, namely the economic liberalization in the 1980s,

along with a subsidized sugarcane sector. All flatland should

be devoted to agricultural intensification following the Green

Revolution approach based on technological optimization,

instead of recognizing the role of pre-Hispanic cultures or

local agrarian expertise in agricultural and landscape man-

agement. Cauca’s managerial elite was able to reconduct

government policies towards their agro-industrial interests

(such as the CVC). The managerial lobby—represented by

family enterprises in its early stages and lately by the powerful

Asociación de Cultivadores de Caña de Azúcar—has con-

trolled the sugarcane business and, since 2005, also the agro-

fuel market. With its strong influence on Colombian policy-

making, infrastructure development and agrarian reconfigu-

ration, it is a key agent in the socioecological transition. In this

article, we investigate the landscape ecology impacts of the

agricultural transition process in the Cauca river valley.

Research approach and methods

Case study: the Palmira municipality

Cauca river inter-Andean valley is located in the south-

west of Colombia and covers an area of approximately

448,000 ha. This bio-geographic unit is one of the five

enclaves of tropical dry forests in Colombia, one of the

scarcest, most transformed and threatened ecosystems in

the country (IAvH 1998). The municipality of Palmira

(Fig. 1) is located in the southern area of the valley, with an

extension of 100,965 ha and elevations ranging between

900 and 5000 m above sea level. The flat area has

54,000 ha and presents a tropical climate characterized by

relatively high and uniform temperatures all year round

(24 8C average). Annual precipitation average oscillates

between 1500 and 800 mm (CVC 2000).

Several sources were used to estimate land-uses in the

Palmira municipality between 1943 and 2010, such as

national censuses by the Instituto Geográfico Agustı́n

Codazzi, Corporación Autónoma Regional del Valle del

Cauca and the city hall of Palmira. For 1943 the data were

taken from aerial photographs. Historical information

regarding sugarcane production, yields and management

practices was obtained from governmental agricultural

censuses, statistical yearbooks and organizations such as

Asociación de Cultivadores de Caña de Azúcar and Sugar

Cane Research Center. Consulted documentary sources

included: deeds, agricultural censuses, general statistics

collated by both state and private organizations regarding

sugarcane cultivation and processing. Private archives of

sugar mills and haciendas in the region were also taken into

consideration (Delgadillo-Vargas et al. 2016).

Theory: the intermediate disturbance hypothesis

The intermediate disturbance hypothesis is a non-equilib-

rium explanation to understand the maintenance of biodi-

versity in ecosystems (Wilson 1990). It is one of several

major hypotheses that explain biodiversity, and it is widely

referred to in landscape ecology (Huston 2014). However,

it is not uncontested and is in fact criticized by some

authors for both empirical and theoretical reasons (Fox

2013). There are different definitions of disturbance (van

der Maarel 1993), but a common one is the destruction (or

harvest) of biomass (Calow 1987), leading to the opening-

up of space and resources for recolonizing species—an

approach that foregrounds the variation of its spatial extent

in ecosystem communities (Wilson 1994). Coexistence

would require spatially patchy disturbance that leads to a

trade-off between species able to perform best at different

stages of post-disturbance succession (Chesson and Huntly

1997). At intermediate disturbance frequencies both com-

petitive and dispersal species may coexist (Barnes et al.

2006).

Agroecosystems offer habitats to different species, cre-

ating a great amount of ecotones (Benton et al. 2003), as

well as more permeable land-matrix allowing dispersion

among local populations (Shreeve et al. 2004). Thanks to

Socioecological transition in the Cauca river valley, Colombia (1943–2010): towards an… 1075

123



the edge effect and high connectivity, a complex land-

cover pattern may host greater biodiversity than more

uniform landscapes (Harper et al. 2005). In order to man-

age agroecosystems, farmers invest over the land-matrix

both energy and their knowledge that shape the spatial

patterns of a landscape embodied with a biocultural her-

itage (Marull et al. 2016b). The impact of ecological dis-

turbance resulting from farming on biodiversity may be

either positive or negative, depending on the intensity and

shape of these socio-metabolic flows and the vertical/hor-

izontal complexity of land-use mosaics (Swift et al. 2004).

Understanding and managing correctly these patchy

mosaics require an interdisciplinary approach to biocultural

diversity (Parrotta and Trosper 2012) embedded in agro-

ecological landscapes (Matthews and Selman 2006).

Method: the energy–landscape integrated analysis

We present an intermediate disturbance-complexity model

(IDC) of how landscape processes are affected by different

levels of anthropogenic disturbances on ecosystems, when

farmers alter net primary production (NPP) through land-use

change. We have adopted the proposed landscape contin-

uum model as a starting point (Fischer and Lindenmayer

2006). The method relies on a series of topological analysis

of land-cover maps, it has entirely been formalized using

mathematical language, and it has been developed and

implemented using geographic information systems (GIS).

We understand IDC as a measure of the capability of the

land-matrix to host biodiversity—the model includes land-

cover metrics (landscape patterns and processes), but also

the energy flow available for the trophic levels in a study

area. The conservation of heterogeneous and well-con-

nected land-matrix with a positive interplay between

human energy disturbances and landscape complexity

would be able to hold high species richness (Marull et al.

2016a).

In order to test the intermediate disturbance hypothesis,

we analysed a set of land-cover metrics as a function of

unharvested NPP. To do this, we obtain a new variable Le

(landscape ecology metric) using principal components

analysis (PCA). Once we have Le, we will perform a

regression analysis with the human appropriation of net

primary production—HANPP, a measure of the extent to

Fig. 1 Land-cover change in the Palmira case study (1943–2010)—Cauca river valley, Colombia. Source Our own from Instituto Geográfico

Agustı́n Codazzi, Corporación Autónoma Regional del Valle del Cauca and city hall of Palmira
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which humans modify the amount of NPP, that is, the

energy available for the agroecosystem’s trophic chains

after biomass harvest (Haberl et al. 2007a; Krausmann

et al. 2013). The following sections present the key com-

ponents of this energy–landscape integrated analysis.

Metrics: assessing landscape patterns and processes

We use land-cover maps to calculate the following land-

scape pattern metrics (Dupras et al. 2016): land-cover

richness (LCR), Shannon–Weaver Index (H0) and effective

mesh size (EMS). LCR refers to the number of different

patch types per sample cell; the more land-cover classes

there are, the more diverse the study site is.

H0, commonly used in ecology (Vranken et al. 2015),

accounts for land-cover equi-diversity and is based on two

components (Eq. 1): the number and proportion of differ-

ent patch types:

H0 ¼ �
Xk

i¼1

pi logk pi ð1Þ

where k is the total number of land-covers in the study area,

and pi is the proportion of the land-cover i in a specific

sample cell.

EMS (Jaeger 2000) stands for the probability that any two

randomly chosen points in a region are connected (Eq. 2). In

that sense, the more anthropogenic barriers (i.e. urban areas,

infrastructures) fragmenting the landscape, the lower the

probability that two points are connected, and the lower the

EMS.

EMS ¼
Pk

i¼1ðA2
i Þ1000Pk

i¼1ðAiÞ
ð2Þ

where Ai is the area of each land-cover polygon.

The following assessment of landscape processes (Lin-

denmayer and Fischer 2007) was based on the original

ecological connectivity model proposed by Marull and

Mallarach (2005). This assessment relies on defining a set of

ecological functional areas (EFA) and a computational

model of cost distance of displacement, which includes the

effect of anthropogenic barriers, considering the type of

barrier, the range of distances and the kind of land-cover

involved. The model was applied to the historical land-cover

maps, comprising the whole sample cells required with a

GIS. The model defines a basic Ecological Connectivity

Index (ECIb) in a normalized scale from 0 to 10 (Eq. 3).

This ECIb emphasizes the role played by the land-matrix:

ECIb ¼ 10�9 ln 1 þ xið Þ= ln 1þ xtð Þ3
h i

ð3Þ

where xi is the value of the sum of the cost distance by

pixel and xt the maximum theoretical cost distance. Then,

ECIa is the absolute Ecological Connectivity Index (Eq. 4):

ECIa ¼
Xm¼n

m¼1

ECIb=m ð4Þ

where m is the number of EFA considered. This index

helps to emphasize the role played by all sorts of EFA in

keeping up ecological connectivity (Pino and Marull 2012).

Analysis: the intermediate disturbance-complexity

model

A focus on landscape functionality stresses the spatial

dimension of biodiversity, the interplay between distur-

bances and land-cover heterogeneity–connectivity and the

role of agro-ecological land management in ecosystem

service provision (Tscharntke et al. 2005). This perspective

relies on the interplay between patch disturbance and land-

use diversity as the key mechanism that actually matters in

biodiversity maintenance (Harper et al. 2005; Loreau et al.

2010). However, much of this biological diversity is only

perceived at scales larger than plot or farm level and

depends on landscape-wide heterogeneity of land-covers.

We use a modification of H0 to account for landscape

heterogeneity (i.e. horizontal structure). It is used for

looking at agroecosystems as the spatial ‘imprint’ of their

social metabolism. We calculate L to capture the equi-di-

versity of potential habitats into sample cells (Eq. 5):

L ¼ �
Xk

i¼1

pi logk pi

 !
1� puð Þ ð5Þ

where k is the number of different land-covers (potential

habitats). The existence of built-up land-cover pu results in

a loss of potential habitats. Thus, pi is the proportion of

non-urban land-covers i into every cell.

L can be improved (Eq. 6), when data are available,

using the following algorithm:

Le ¼ aLþ b
ECI

10

� �
1=ðaþ bÞ ð6Þ

In this way, we obtain a new indicator Le (Marull et al.

2015), capturing landscape patterns (L, heterogeneity) and

landscape processes (ECI, connectivity), using PCA (where

a and b are the empirical coefficients).

We use HANPP as a measure of human disturbance (i.e.

affecting vertical structure). HANPP measures the effect of

land conversion and harvest on biomass flows in terrestrial

ecosystems of a defined area of land, in other words the

combined effect of human-induced land-cover change.

From an ecological perspective, HANPP is a measure of

the impact of land-use on the availability of trophic energy

(biomass) for heterotrophic food chains and as a resource

for building up biomass stocks in terrestrial ecosystems

used by humans. HANPP thus has been proposed as an
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indicator for land-use induced pressures on biodiversity

and is a suitable indicator for disturbance (Haberl et al.

2007b; Krausmann et al. 2009). HANPP is calculated

(Eq. 7) using the following identities (Haberl et al. 2014):

HANPP ¼ HANPPluc þ HANPPharv;HANPPluc
¼ NPP0� NPPact ð7Þ

where HANPPharv is the NPP appropriation through har-

vest, and HANPPluc is the change of NPP through human-

induced land conversions. HANPPluc is defined as the

difference between the NPP of the potential (NPP0) and

actual (NPPact) vegetation. HANPP is associated with each

land-cover of the study area, so that HANPP is calculated

multiplying a fixed coefficient (wi) for some land-cover i

by the surface occupied by this land-cover (Eq. 8):

HANPP ¼
Xk

i¼1

wipi ð8Þ

where wi denotes the weight of land-cover i and pi the

proportion of land-cover i in the study area. Variations in

HANPP not only depend on the variations of p, but on the

variations of w as well.

HANPP values have been estimated after assessing

different NPP and harvested amounts. NPP0 values have

been derived from the Latin America—aggregate of a

global HANPP assessment (Krausmann et al. 2013, avail-

able at http://www.uni-klu.ac.at/socec/inhalt/5605.htm)

and applied to each land-cover. NPPact values have been

estimated as the sum of harvested and unharvested values.

Harvest ratios from each land-cover and across the time

points have been transformed into energy values. To this,

conversion factors as the residue/product ratio losses

(Guzmán et al. 2014) have been applied to account for

unharvested biomass.

It is important to note that the use of HANPP as a

measure of disturbance could have limitations in specific

situations, in particular as HANPP values can become

negative when NPPact[NPP0 due to fertilizer input or

irrigation. This is not the case, however, in the Cauca river

case.

Finally, the intermediate disturbance-complexity (IDC)

model (Eq. 9) combines the landscape structure (L) with

the biomass (NPP) available for other species (1-HANPP/

100):

IDC ¼ L � E ¼ L 1�HANPP=100ð Þ ð9Þ

where E is the energy flow, and L is the energy ‘imprinted’

in the landscape structure (L can be substituted by Le,

including functional attributes of the landscape).

The IDC tries to improve our understanding of the

functioning of agroecosystems and the subsequent effects

on biodiversity (Marull et al. 2015), revealing how and

why different management leads to turning points in the

relationship of landscape energy profile with landscape

patterns and processes.

Results and discussion

Land-use changes

Around the mid-twentieth century (1943), the region was

characterized by a diversified landscape around the urban

core representing the city of Palmira (Fig. 1). A ring of

pasture (38,292 ha) and also sugarcane (12,390 ha) was

found outside the city, as well as practicing traditional

crop-farming (983 ha) mixed with cattle-farming in a

complex multi-use forested-pasture. The municipality held

a high density of wetlands in the south-west (475 ha),

connected by a network of river corridors, and some forest

patches distributed everywhere but mostly in the north-east

(1,305 ha). This diversified landscape can still be recog-

nized in the land-use map of 1984 (Fig. 1), when sugarcane

was the main land-cover (33,590 ha) for the first time,

especially in the northern region, representing 61.9% of the

total area (Table 1). In 1984, the process of urban sprawl

had already begun (2807 ha), and urban areas covered an

area four times larger than in 1943 (from 1.3 to 5.2% of the

total area). Wetlands (262 ha) were still maintained,

although with a reduction in size, while pastureland

decreased from 70 to 25%.

Developed land (urban areas and infrastructures) grew

quickly after 1984 (3177 ha in 1998, and 4285 ha in 2010).

As a result of the extensive monoculture of sugarcane

(40,733 ha in 1998, and 38,723 ha in 2010), pastureland

decreased to less than 10% and the wetland system dis-

appeared completely (6 ha in 1998 and 0 ha in 2010).

Urban development and sugarcane production invaded

large parts of the former pastures and natural areas. Indeed,

the cost of this urban-sprawl and agriculture intensification

was the large reduction of habitats and their associated

biodiversity as forested-pastures have decreased by 86.7%

(Table 1).

Moreover, these landscape transformations may be the

result of significant changes in the sociocultural dimen-

sions of LCLUC. Above all, the increasing presence of

sugar plantations seems to be connected to land tenure and

distribution. In 2009, the municipality had a land Gini

coefficient between 0.85 and 0.91 (that means high

inequality in land distribution), where rural properties lar-

ger than 50 ha made up 70% of the total land, and reported

some of Colombia’s highest number of properties per

owner (IGAC 2012).

LCLUC was also related to changes in sugarcane pro-

ductivity. In 1943, annual sugarcane production was about

1078 J. Marull et al.

123

http://www.uni-klu.ac.at/socec/inhalt/5605.htm


43 t ha_1 year_1, whereas by 1960, these values had dou-

bled. Between 1960 and 1981, there was a substantial

increase in the annual sugarcane production (from 88 to

126.4 t ha_1 year_1), as a result of the introduction of new

technology (machinery, chemical fertilization, irrigation,

pre- and post-harvest burn-down). Between 1982 and 1992,

production remained around 120 t ha_1 year_1 (Fig. 2).

Over the last decade, there has been a steady decrease

which is related to climate conditions, soil degradation, age

of cutting and crop management (Delgadillo et al. 2016).

Nevertheless, the productivity of sugarcane in the last

decade had an average value of 115.72 t ha_1 year_1, one of

the highest values in the world (ISO 2012).

Landscape agroecology

As a result of urban sprawl and agriculture intensification

(land-use consumption, irrigation and drainage, pesticides

and nitrogen fertilization), the ecological quality of the

landscape has continued to decline. Both processes of land-

use intensity (here illustrated by nutrient management) and

spatial structure of land-use (measured by landscape

ecology metrics) contribute to biodiversity loss and are

intricately linked.

Before the first decade of the twentieth century, sugarcane

production did not involve an enormous use of agrochemi-

cals. It was only when a significant rise in the use of synthetic

fertilizer became feasible that the valley specialized in sug-

arcane cultivation (Fig. 3). Nitrogen fertilizer was applied at

a rate between 154kgN ha_1 year_1 in the 1940s and 246kgN

ha_1 year_1 in 2010 with a very low N efficiency (63% in the

eighties, 53% in the nineties and 40% in 2010). Later in the

forties, other fertilizers appeared that were rich in K, with an

N-P-K relation of, for example, 6–8–16 (400 kg ha_1 in

average), and finally, potassium chloride (KCl) emerged in

the sixties, and since then, this has become themain source of

K for the sugarcane crop, applied at average annual doses of

150 kg ha_1. As for phosphate, compound P fertilizers were

commonly applied to sugarcane crops with recommended

doses between 500 and 2000 kg ha_1, depending on the soil

type. In the seventies, triple superphosphate entered the

market and it became—along with the urea and potassium

chloride—the basic formula for sugarcane crop fertilization

(Guardiola 1995).

Table 1 Land-cover change and land-cover metrics in the Palmira case study (1943–2010)

Land-cover 1943 1984 1998 2010

ha % ha % 1943 = 100% ha % 1943 = 100% ha % 1943 = 100%

Forest 1305 2.4 931 1.7 71.3 1048 1.9 80.3 1942 3.6 148.8

Wetland 475 0.9 262 0.5 55.1 6 0.0 1.3 0 0.0 0.0

Pasture 38,292 70.5 13,629 25.1 35.6 5111 9.4 13.3 5079 9.4 13.3

Veg. and fruit 983 1.8 2825 5.2 287.5 4208 7.7 428.2 4221 7.8 429.5

Sugarcane 12,390 22.8 33,590 61.9 271.1 40,733 75.0 328.8 38,723 71.3 312.5

Rivers 162 0.3 244 0.4 150.3 10 0.0 6.0 35 0.1 21.4

Urban area 694 1.3 2807 5.2 4043 3177 5.9 457.6 4285 7.9 617.2

Total 54,301 100.0 54,288 100.0 1275.2 54,294 100.0 1315.5 54,284 100.0 1542.6

Land-cover metric 1943 (A) 1984 (B) 1998 (C) 2010 (D)

Land-cover richness—LCR (n8) 3.03 3.85 3.60 4.44

– A A ABC

Shannon–Wiener Index—L 0.26 0.25 0.23 0.28

– – – –

Effective mesh size—EMS (km2) 10,759.90 14,717.34 8111.08 4492.83

CD ACD D –

Ecological Connectivity Index—ECI 6.12 5.56 3.82 3.63

BCD CD – –

Landscape ecology metric—Le 0.43 0,40 0.31 0.32

CD CD – –

Human appropriation of NPP—HANPP (%) 55.12 76.68 83.31 81.52

– A AB AB

Intermediate disturbance complexity—IDC 0.20 0.09 0.05 0.06

BCD CD – –

The results are based on two-tailed tests assuming equal variances with a significance level of 0.05. For each significant pair, the key under the

category (A, B, C, D) shows up beneath the category with a major average value. Using Bonferroni adjustment, tests have been adjusted for all

pairwise comparisons

NPP net primary production
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Sugarcane also demands high quantities of water. The

annual irrigation volume in the observed period ranged

between 12,000 and 20,000 m3 ha_1. The combination of

the application of large amounts of synthetic fertilizers, a

low N efficiency and the irrigation practices caused losses

of N by leaching which was a main cause for the Cauca

river’s heavy pollution. Intensive chemical fertilization

may have had important impacts on the biodiversity.

As expected, in general terms, land-cover metrics show

a decrease in their values during the studied period

(Table 1). LCR is higher in 2010 than in the past, espe-

cially when compared to 1943. This means there was more

land-cover diversity in 2010, although less land-use com-

plexity than in 1943 (decrease in integrated multi-used

pastures). But L has remained stable for the entire area;

however, there has been an increase in certain areas of the

ring around the city of Palmira. EMS has decreased

through time showing that fragmentation occurred in the

land-matrix.

ECI sharply decreased between 1943 and 2010

(Table 1) due to the impact of the construction of the

transport network and the urban development of low-den-

sity scattered suburbs. In 1984, the study area still pos-

sessed a high-ecological connectivity, similar to that in

1943. The allocation of the increasing population to new

urban developments scattered throughout the region since

1984, and the construction of new highways and roads to

connect them and facilitate sugarcane commercialization

acted as new barriers fragmenting the territory to such a

degree that the connectivity was practically erased near

Palmira. Substantial negative changes in connectivity

levels occurred in the former pasture and agriculture ring

around the city of Palmira. Today, acceptable levels of

connectivity are maintained only in the very small

surviving forest and pasture areas of the peripheral ring of

the study area.

All these landscape changes are expected to have

detrimental effects on biodiversity, as the mixed crop-

pasture matrix changed and the forest remnants decreased.

Although there are no regional long-term studies available

that evaluate the response of fauna communities to these

changes, several studies have found that species richness is

higher on mixed crop-pastures systems than in sugarcane

monocultures for both arthropods (Ramı́rez et al. 2004) and

birds (Cárdenas Carmona 2013). However, more long-term

taxa-specific studies are necessary in order to fully com-

prehend the impact of these socioecological transitions on

biodiversity.

Furthermore, the impact of sugarcane expansion on the

landscape should also be considered in the context of

associated changes on the agricultural frontier. Sugarcane

agroindustry has not only affected the ecological value of
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Fig. 2 Sugarcane production in the Palmira case study (1960–2012).

Source Our own from Asociación de Cultivadores de Caña de Azúcar

(Asocaña)

Fig. 3 Sugarcane fertilization (N, P, K) in the Palmira case study

(1943–2010). Source Our own from Delgadillo-Vargas et al. (2016)
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highly productive agricultural lands in the Cauca river

valley, but has also pushed traditional agriculture and

livestock to lands of marginal productivity in the sur-

rounding mountains, therefore increasing deforestation and

habitat fragmentation at larger scales, possibly having

consequences for the metapopulation dynamics of the local

biodiversity.

Energy–landscape integrated analysis

To conclude the IDC analysis, we studied the relation-

ships between HANPP and the land-cover metrics. The

correlations (Table 2a) among land-cover metrics (LCR

and L; EMS and ECI) aim us to carry out a PCA of the

variables involved. Table 2b shows that the major con-

tributors for the first component (C1) are LCR and L—

landscape patterns metrics—and for the second compo-

nent (C2) EMS and ECI—landscape processes metrics.

These results have led us to consider only two variables,

L and ECI, so that the two components of the landscape

are represented, which include landscape heterogeneity

and ecological connectivity. Once we have reduced the

dimensions of the land-cover metrics, we obtain only one

component resulting from the linear combination of L and

ECI (Marull et al. 2015). We call this new component

landscape ecology metric (Le). Le showed a decline

between 1943 and 1998 mainly due to the loss of land-

scape complexity (Fig. 4).

We have one Le and HANPP value for each sample cell

and time period. The issue is how to interpret the empirical

data according to the density of pair values of HANPP-Le.

We assume that Fig. 5 draws the shape of all possible values

adopted by the theoretical relationship between farming

disturbance and landscape complexity (Marull and Font

2017), where disturbance-complexity (IDC) value of a given

territory can be represented (Fig. 4). HANPP expresses an

average number for each sample cell, but can be obtained

with different land-cover combinations. Hence, it is impor-

tant to include land-cover metrics in IDC calculation.

The results confirm the intermediate disturbance

hypothesis by showing a hump-shaped nonlinear relation-

ship (Marull et al. 2015), where the highest level of IDC is

attained when HANPP tends to 50–60%. IDC shows high

values in 1943, medium values in 1984 and low values in

1998 and 2010 (Table 1; Fig. 5), suggesting a decrease in

the capability of the land-matrix to host biodiversity, due to

a less functional landscape structure and more appropria-

tion of NPP over time.

Figure 5 shows the dynamics of the more important

variables used in this study: a notable increase in human

disturbance to very high levels of HANPP slightly above

80%, mainly due to sugarcane expansion and intensifica-

tion (monoculture), and a decrease in landscape complexity

(Le) due to the loss of traditional integrated agriculture

(polyculture) and urban development (Table 1). The results

confirm that the historical trend which attained the highest

IDC in 1943 was also linked to shifts towards sugarcane

cultivation that had historically been characterized by

much higher HANPP values than pastureland, forestland or

wetland values. Nonetheless, the relationship seems to be

differentiated locally (Fig. 4), which calls for a further geo-

historical study of this complex interplay between driving

forces, socio-metabolism, integrated land-uses and land-

scape ecology. Scientifically based agro-ecological models

have to critically examine, select and adapt biocultural

heritage to current contexts and new challenges for a sus-

tainable rural development.

IDC has been previously tested in a case study from

Mallorca Island, in the Mediterranean bioregion, across a

similar time span (1956–2011) and scale (3 9 3 and 1 9 1

matrixes) (Marull et al. 2015). The results are similar in the

two studies: while in the past—for the Cauca Valley up to

1984—high values of landscape metrics (patterns and

processes) were often associated with medium range levels

of human disturbance (HANPP), the present landscape

metrics have worsened, while HANPP has either increased

towards high levels of disturbance (in both cases, through

intensive industrial farming) or decreased in reforested or

abandoned lands (mainly in Mallorca).

Socioecological transition

In many parts of the world, farming is still based on site-

specific traditional knowledge of how to develop sustainable

farming systems that have been adapted to local conditions

(González de Molina and Toledo 2014). Thanks to the

integrated use of natural resources, this biocultural heritage

helps rural communities to manage functional landscapes

while meeting subsistence needs, without depending to a

large extent on external technological inputs. This traditional

knowledge is losing significance, and the corresponding

biocultural landscapes are at risk, in particular in the tropics,

with consequences for biodiversity.

Protecting biocultural landscapes but allowing their

isolation from the rest of the territory will decrease eco-

logical connectivity, with likely impacts on biodiversity.

Remaining forested-pastures show very low levels of

ecological connectivity because they have become isolated

due to traditional rural abandonment and sugarcane inten-

sification, the increasing construction of transport networks

and scattered urban villages. This loss of ecological con-

nectivity also stresses the importance of natural corridors,

like riparian zones, in maintaining the ecological processes

within the landscape. A recent review by Tscharntke et al.

(2012) emphasizes that spatial heterogeneity (horizontal

but also vertical) creates the ecological dissimilarity that
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determines landscape-wide biodiversity. Spatial spillover

effects through the movement of organisms and resources

across habitats can facilitate their persistence and adapta-

tion to human-managed landscapes. The combination of

traditional integrated multi-uses in forested-pastures, with

heterogeneous and well-connected landscapes in urbanized

regions, enables spatial and temporal insurance, providing

higher stability and resilience to ecological processes

(Loreau et al. 2010). Therefore, a wildlife-friendly agro-

ecological matrix can be seen as a useful strategy to

enhance biodiversity and food security.

The policies applied by the government and the sugarcane

sector to increase production had not considered the impli-

cations on sustainability. Indeed, the monocultural produc-

tion system has not been able tomaintain ecosystem services

(i.e. water cycle and soil fertility, ecological processes and

biodiversity) as well as traditional agriculture did, nor has it

been able to prevent urban sprawl from arising during the

real-estate boom in recent decades. The result has been the

abandonment of traditional agricultural activities and urban

sprawl into forested-pastures. Faced with the situation of

progressive impoverishment, farmers, and especially their

descendants, prefer to sell their land or designate it to

sugarcane commercial production than to keep traditional

mixed-farming, which cannot match the rapid income

offered by the latter. Land managers and decision-makers

should understand that they are losing biocultural landscapes

that provide important ecosystem services. In addition to

fibre and food, these landscapes maintain culture and bio-

diversity; they recycle nutrients, regulate local microcli-

mates, control local hydrological processes, affect the

abundance of undesirable organisms and detoxify chemical

harmful substances (Alam et al. 2014).

The intensive sugarcane model followed over the last

decades, based on a well-planned commercial distribution

and an efficient transportation network, has had an extre-

mely negative effect on the ecological quality of the ter-

ritory, as well as on its long-term sustainability. As a result

of the new rural development policy, which promotes

large-scale agribusiness projects at the expense of tradi-

tional agroecosystems (with serious implications for land

tenure), this biocultural landscape loss could worsen and

spread to other regions of the country. A similar socioe-

cological transition is ongoing in most of the tropics and

represents an important pressure challenging efforts of

biodiversity conservation and climate change mitigation.

Table 2 Relationships among land-cover metrics using principal component analysis (PCA) in the Palmira case study (1943–2010)

(a) Correlation Analysis between variables (1943, 1984, 1998, 2010)*

Land-cover metric L LCR EMS ECI

Shannon–Wiener Index (L) Cor. (Pearson) 1.000

Sig. (bilateral)

N 0

Land-cover richness (LCR) Cor. (Pearson) 0.427 1.000

Sig. (bilateral) 0.000 –

N 402 0

Effective mesh size (EMS) Cor. (Pearson) -0.092 -0.114 1.000

Sig. (bilateral) 0.064 0.022 –

N 402 402 0

Ecological Connectivity Index (ECI) Cor. (Pearson) 0.142 -0.195 0.459 1.000

Sig. (bilateral) 0.004 0.000 0.000 –

N 402 402 402 0

Control variable (year) 0.025 0.416 -0.434 -0.628

(b) Principal component analysis**

Land-cover metric 1943 1984 1998 2010

C1 C2 C1 C2 C1 C2 C1 C2

L -0.018 0.789 0.895 -0.041 0.878 0.196 0.833 -0.004

LCR -0.077 0.793 0.790 0.165 0.819 -0.156 0.860 -0.081

EMS 0.793 0.110 -0.078 0.920 -0.388 0.648 0.035 0.820

ECI 0.854 -0.237 0.463 0.610 0.288 0.817 -0.120 0.820

Variance (%) 34.107 32.967 41.136 31.167 41.862 28.752 36.222 33.779

* Correlations are shown considering each time period and all data together

** We obtain a new variable: landscape ecology metric (Le) using the PCA (Le = (a L ? b ECI/10)1/2), taking into account landscape patterns

(heterogeneity—L) and processes (connectivity—ECI) as proxy of biodiversity in human-modified ecosystems
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Studies like our investigation in the Cauca river valley

are of high significance for Colombia’s current political

context. As this paper is being written, the Colombian

government and the Revolutionary Armed Forces of

Colombia—People’s Army (FARC) are signing a peace

treaty that will open a new era for the country’s rural

development. The first point of the agenda entails a com-

prehensive rural reform, which aims to reduce massive

Fig. 4 Landscape ecology

metric (Le) and intermediate

disturbance complexity (IDC).

Territorial distribution

expressed by 2 9 2 km2 sample

cells in the Palmira case study

(1943–2010). Source Our own
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inequality that has led the country to a 52-year civil war,

bringing issues such as land tenure and use, access to

agricultural resources and food sovereignty into discussion.

With more than 30% of the land under detrimental prac-

tices that affect soils and ecosystem services negatively, it

is crucial that we propose a new approach to preserve the

biocultural landscapes. Only with a new approach can we

provide fair livelihoods for farmers, homes for biodiversity

and sustainable practices for the region’s economic

development, in the context of a prevailing political agenda

that prioritizes agribusiness for sugar and ethanol

production.

Conclusions

The last century has been characterized by an unprecedented

increase in both global international food production and its

associated socioecological conflicts, related to increasingly

industrialized and globalized farming systems (Mayer et al.

2015).Our research is connected to the debate between the so-

called land-sparing and land-sharing approaches for biologi-

cal conservation (Perfecto and Vandermeer 2010). The land-

sparing approach is based on intensifying agricultural pro-

duction in some areas, while reducing pressure from agricul-

ture in others, taking (marginal) land out of production and

dedicating it to nature conservation (Matson and Vitousek

2006). The land-sharing approach claims that a set of isolated

natural reserves is not sufficient for biodiversity conservation,

and promotes wildlife-friendly farming that can provide a

complex land-matrix to connect habitats and maintain high

species richness at landscape level (Tscharntke et al. 2012).

More research is needed to understand how biodiversity can

bemaintained in human-transformed landscapes (Phalan et al.

2011), and this has been acknowledged even by those who try

to combine both approaches to conservation.

We propose an intermediate disturbance-complexity

(IDC) model as a measure of the capability of the land-
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Fig. 5 Intermediate disturbance-complexity (IDC) model* (mean

values high—green, medium—orange and low—red)**, landscape

ecology metric (Le) and human appropriation of net primary

production (HANPP), applied to the Palmira case study

(1943–2010). Notes *Possible theoretical values represented in the

grey colour figure. **IDC empirical values (coloured dots) come

from a nonlinear relationship between Le and HANPP. Source Our

own
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matrix to host biodiversity (Marull et al. 2016a, 2016b).

IDC includes both land-cover metrics (landscape patterns

and processes) and the energy flow available for trophic

levels. Our results prove that land-use changes, which

occurred in the Cauca river valley case study (Palmira

municipality) between 1943 and 2010, have caused pro-

found transformations to the structural and functional

properties of the landscape. In 1943, Palmira was mainly a

mosaic of pasture, agriculture and natural spaces, with

medium levels of human appropriation of photosynthetic

capacity and higher levels of IDC. Today, however, the

region is intensively cultivated with sugarcane, where

urban sprawl has also increased and only fragments of

traditional forested-pastures remain.

Although migration from Cali to the suburbs led to

highway construction and the industrialization of agricul-

ture, in 1984 the Palmira’s territory still showed high levels

of land-cover heterogeneity and ecological connectivity.

Disorganized urban sprawl still did not show its entire

effects on the landscape, and the structuring of the territory

in land-use areas and wetlands preservation must have

helped this situation. However, since 1984, the absence of

land-use policies to maintain biocultural landscapes has led

to a large decrease in ecological connectivity in the entire

Palmira municipality, due to the high fragmentation of the

territory produced by sugarcane production, transport

infrastructures and uncontrolled urban sprawl.

The integrated method utilized in this study to assess both

the landscape functional structure and the net primary pro-

duction available to maintain biodiversity can reveal spatial

processes, such as agricultural intensification and urban

sprawl, and assess pressure on ecosystem services. The

quantitative and cartographic approach adopted by the IDC

model enables the communication of research to planners

and policy makers. Successive iterations can be used to

examine the impact of different alternative planning sce-

narios. Future policy for biocultural landscape protection

and management in the Cauca river valley could adopt this

approach to evaluate whether targets for sustainable farm

systems have been met. There is an urgent need for policies

that facilitate sustainable land-use planning if we want to

preserve the remaining biocultural heritage and the few

traditional agroecosystems of the Cauca river valley.

Our results reinforce the land-sharing approach which

highlights the key role that a wildlife-friendly farming

plays on biodiversity maintenance in human-transformed

landscapes (Fischer et al. 2008). These results differ from

other recent studies (Hulme et al. 2013) which suggest that

land-sparing is a more promising strategy than land-sharing

to secure crop production with minimum negative impact

on biodiversity. Land-sparing is typically based on high-

input farming and global crops like sugarcane, corn or

wheat. Monocultures with high inputs of fertilizers and

agrochemicals usually attain very high agriculture yields,

and it is argued that this helps to reduce the need to convert

natural ecosystems into farmland to meet production tar-

gets (Grau et al. 2013). This is not the case in the Cauca

river valley. Our study gives weight to the idea that sus-

tainable rural development could be achieved with proper

new management of traditional knowledge and practices.

The benefits of transferring the concept of intermediate

disturbance to the land-cover and land-use change

(LCLUC), by using the human appropriation of net primary

production (HANPP) and the landscape ecology metric

(heterogeneity and connectivity) as variables, have been

shown by the IDC model. If this energy–landscape inte-

grated analysis proves to be consistent and fruitful, it may

offer a very useful tool for making robust assessments of

the impact of land management on ecological landscape

functioning, and it could help to solve the global food-

biodiversity dilemma (Cardinale et al. 2012).
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Patiño VM (1977) Aspectos históricos sobre los recursos naturales y
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Articulación social y cambio técnico. La producción de azúcar
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