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Abstract Wetlands are among the most productive ecosys-
tems on the planet and they are being subjected to heavy
pressure by human activities. Changes in wetlands due to
human impacts have increased, and it is estimated that half
of'the global wetland area has been lost during the last century.
Documented cases of wetland transformation confirm the
trend in Colombia. We used official nationwide wetland maps
and land cover maps to quantify the areas within wetlands
with non-natural land cover, such as pasture or cropland;
and we used spatial analysis tools to identify the regions of
the country where greater wetland transformations have oc-
curred. Approximately 24 % of the area of mapped wetlands
has land cover types related to intensive rural land use.
Pastures and other types of land cover related to raising cattle
account for 4 million ha and cover 50 % of the transformed
wetland areas. There are 14 different regions where wetland
loss is the most critical in Colombia. We analyzed the wetland
areas related to raising cattle, agriculture, deforestation, and
mining separately and found different spatial patterns for each
activity. Hence, different conservation policies should be im-
plemented across the country to account for spatial differences
in the drivers of change.
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Introduction

A wetland is an ecosystem in which geomorphologic and hy-
drologic conditions cause saturation of the surface for a dura-
tion that is sufficient for the formation of hydric soils and
conditions that are favorable for hydrophilic vegetation
(Jackson et al. 2014). Wetlands are among the most productive
ecosystems on the planet, support millions of people and pro-
vide important services, such as improving water quality, re-
ducing flood damage, supporting high levels of biodiversity
and secondary productivity, and providing wildlife habitat
(Yuan and Zhang 2010). According to Jackson et al. (2014),
wetlands are constantly changing due to their destruction, cre-
ation and movement to different locations. Almost all wet-
lands are recent from a geologic perspective (i.e., less than
12,000 years). Although some areas with large concentrations
of wetland are ancient, such as the Amazon, the wetland fea-
tures themselves are constantly shifting because of fluvial dy-
namics and other natural processes. The main drivers of nat-
ural wetland change are eutrophication, sedimentation, ero-
sion, glaciation, climate change, water table level changes,
and sea level changes (Yuan and Zhang 2010; Ross and
Adam 2013; Jackson et al. 2014).

Human activities are also responsible for wetland
losses around the world. Wetlands are under heavy pres-
sure because many people think that they are of little
economic value relative to other economic activities,
and also because the society often does not recognize
the services provided by wetlands at all (Turner et al.
2000; Scholte et al. 2016). Changes in wetlands due to
human impacts have significantly increased during the
last century (Ramachandra et al. 2005; Hussien Aragaw
2014). On a global scale, approximately half of the glob-
al wetland area was lost during the twentieth century
(Zedler and Kercher 2005), which is a serious
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environmental issue that has caused environmental sus-
tainability concerns (Chen and Liu 2015).

The trend in Colombia is not different. National policies
backed by the World Bank in the 1950s encouraged the trans-
formation of wetlands to productive agricultural areas to foster
economic development (Camargo 2012). Wetlands located in
the floodplains of the Magdalena River Valley have been
transformed to pastures for raising cattle (Marquez 2001;
Garzon Yepes and Gutiérrez Camargo 2013), and wetlands
in the Sinu River Valley have been drained to develop agri-
culture following 1960 (Camargo 2012). Furthermore, a loss
of 88 % of wetland area between 1950 and 1980 was reported
in the Cauca River Valley (Restrepo and Naranjo 1987; Beach
and Luzzander-Beach 2012), and a reduction in the wetland
area from 50,000 ha to 800 ha between 1950 and 2005 was
reported for Bogota (Ramirez et al. 2013).

Wetland conservation and restoration policies should be
based in comprehensive knowledge about changes in
wetland extent and conditions. Li et al. (2015) stressed the
existing need at national and international levels to report
and monitor changes in wetlands for large areas using cost-
effective tools. Assessing wetland change involves using data
from the same area obtained on different dates to quantify
changes in the landscape (Klemas 2013). This kind of analysis
is mainly based on published land cover maps or remote sens-
ing products. In this sense, a dense time-series of satellite
images helps to distinguish between the ecosystem dynamics
and other changes (Kayastha et al. 2012).

In Colombia, the study and creation of a wetland map at the
national scale was triggered by the damages and losses caused
by an extremely rainy period during late 2010 and early 2011.
Extreme flooding affected more than 1,600,000 ha of the
country’s territory and caused economic losses to 7 % of the
country’s population (Cepal 2012). Knowledge regarding the
locations and expansion of wetlands was needed to support
environmental planning, land management and disaster pre-
vention policies. The Humboldt Institute, with support from
the national government through the National Environmental
Information System and the Adaptation Fund, built a nation-
wide wetland map using the official information available for
the country, with a scale of 1:100,000 for soils, geomorphol-
ogy, land cover and flood frequency information, and later
began studying wetland changes at the national scale.

An assessment of drivers of wetland change for a set of
selected watersheds in Colombia was conducted in 2014
(Ricaurte et al. 2014). This study analyzed the human activi-
ties with the most negative impacts on wetlands, and a quan-
titative change analysis was conducted from the official land
cover maps at a scale of 1:100,000 that were published in
2005 and 2010. The results of this work are very important
regarding the analysis and mapping of the drivers of change;
however, the change analysis approach has one drawback.
The 2005 land cover map was obtained from a mosaic of
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satellite imagery acquired between 2000 and 2002, and the
2010 land cover map was conducted from satellite imagery
acquired between 2005 and 2009 (SIAC 2015). Several re-
gions in the country have land cover data with a three-year
time lapse, while other regions have data with time lapses of
up to nine years. This difference in data acquisition dates and
time lapses between maps can mask the changing magnitudes
and trends and limits the analyzed time period to less than a
decade.

In this work, we identify wetland areas that have lost their
natural land cover by using the most recent countrywide wet-
land map (Humboldt Institute 2015) and the official 2010 land
cover map of the country (IDEAM 2010), which are both at
the 1:100,000 scale. We use spatial data processing and ex-
ploratory spatial data analysis tools (Anselin 1995, 2003) to
answer the following questions: Where are the critical areas of
wetland loss in the country? What activities are currently re-
lated with those areas? Results from this work will be helpful
for understanding wetland change in the country and could be
used to improve environmental management and policy mak-
ing in Colombia.

The rest of this paper is organized as follows. Section 2
describes the data and methods. The results of the analysis
are presented in Section 3. Section 4 shows a discussion of
the results, and the conclusions are presented in Section 5.

Methods

The most frequently used quantitative indicators of wetland
change are measures of wetland area within the landscape and
the percentage of wetland area from two different dates.
Wetland loss is usually measured as the wetland area or per-
centage of wetland area that was transformed to a different
type of land cover during the time lapse between analyses
(Song et al. 2011; Yu et al. 2011; Jiang et al. 2012;
Ottinger et al. 2013). Because the time lapse between the
available official land cover maps varies and is shorter than
a decade, we quantified wetland loss as the area of mapped
wetlands with land cover types associated with human inter-
vention, such as crops (agriculture) or pastures (cattle raising),
rather than natural types of land cover in the land cover map of
2010.

Study Area

Colombia is located in the northwestern corner of South
America and covers approximately 1,142,000 Km?. The
country is characterized by a tropical climate with high pre-
cipitation and fluvial discharge ranging from 100 mm per year
at the Caribbean to over 6000 mm per year at the Pacific
(Rodriguez et al. 2015). From south to north, Colombia is
transected by the Andean Mountain System, which reaches
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an elevation of 5000 m.a.s.l. A large part of the country con-
sists of plains and low lands that extend towards Venezuela,
Brazil and the Caribbean. The population density of the coun-
try is 43.55 people/Km® (2014 data, http:/data.worldbank.
org/indicator/EN.POP.DNST). The population is unevenly
distributed, with more than 76 % of the population located
in urban areas. Most towns and cities are located in the
Andean region and on the Caribbean Coast (3500
people/Km?), and the population density is less than 1
person/Km? in the southern and western parts of the country
(http:www.dane.gov.co). The main drivers of landscape
change in the country have been population expansion and
intense human activities (Rodriguez Eraso et al., 2013).
According to Rodriguez et al. (2015), more than one-third of
the territory has been transformed, with agriculture and cattle
raising as predominant land uses in the Andes and on the
Caribbean Coast. Tropical humid forests are still present to-
wards the east in the Amazon River Basin and towards the
west on the Pacific Coast, and savannahs exist in the Orinoco
River Basin towards its boundary with Venezuela.

Data

We used the 1:100,000-scale national wetland map
(Humboldt Institute 2015) to extract wetland boundaries.
This map identified wetland areas throughout the country
using different types of spatial data at the 1:100,000 scale,
including hydrography data from topographic maps (IGAC
2014a), geomorphology and hydric soils data (IGAC
2014b), vegetation and land cover data (IDEAM 2010,
2012), and flood frequency data between 2007 and 2011
(IDEAM, SARVISION, & 1. Humboldt 2014).

Each information layer was analyzed by experts to identify
what units were associated with wetlands. Water bodies and
rivers were extracted from hydrography data. Landforms that
allow water accumulation such as basins and flood plains were
selected as well as soils groups that keep evidence of inter or
intra annual flooding. Vegetation data was also used: swamp
forest, mangroves, and flooded grasslands, among other clas-
ses from land cover maps were incorporated. Finally, all data
layers were integrated with the flood frequency map. The first
map version was reviewed in eight workshops with 87 experts
from regional environmental agencies and national natural
parks. The map was adjusted and validated statistically after
the workshops.

The Colombian wetlands map’s has a thematic accuracy of
75.79 %. This was calculated through a stratified random
sampling. A total of 3179 points were assessed in 19 windows
that occupied 16 % of the country inland territory. The win-
dows corresponded to the Colombian watersheds. Their selec-
tion was based on three criteria: different wetlands types rep-
resentation, availability of satellite imagery and area covered.
Taking into account each watershed size, the number of points

were estimated within a 95 % confidence interval follow-
ing Chuvieco (1995), McCoy (2005) and Meidinger
(2003). The details of the Colombian wetlands maps are
explained in Florez et al. (2016, in press). The map iden-
tified five wetland classes: open permanent wetlands, for-
ested permanent wetlands, temporal wetlands, areas with
medium potential of being wetlands and areas with low
potential of being wetlands (Fig. 1).

We used the official 1:100,000-scale national land cover
map (IDEAM 2010, 2012) to quantify the area of each land
cover class within the wetlands and to identify the areas with
transformed land cover. This map was built based on an ad-
aptation of the Corine Land Cover Methodology for Colombia
and was based on the interpretation of Landsat and SPOT
images with field validation.

We created a regular grid of square cells with a cell size of
10 Km over the inland territory of the country to quantify
wetland loss. We used this grid to map the magnitude of wet-
land change in an objective manner without administrative
boundaries. For each cell, we quantified the wetland area,
the area of natural and transformed land cover classes within
the wetlands, and the percentage of area within the wetland
cell with transformed land cover classes.

Quantification of Wetland Area Loss

We quantified wetland loss by intersecting the wetland map
layer with the land cover map layer in a GIS. The wetland map
was built in raster format with a cell size of 25 m. We changed
the format of this map to polygons and then intersected it with
the land cover map. The result of the intersection was edited to
only select the non-natural land cover classes associated with
induced transformation (Table 1), which we assumed was
equal to the wetland loss area. The total area of these land
cover classes was added in each cell in the regular grid.
Then, we calculated the percentage of wetland loss area within
each cell and ran a hotspot analysis using this variable.

Identification of Hotspots of Wetland Area Loss

We used three different techniques for hotspot identification:
(1) heat maps with kernel density estimation (Rosenblatt
1956; Parzen 1962), (2) spatial clusters of significantly high
values using a local indicator of spatial association (LISA): the
local Moran’s I (Anselin 1995), and (3) spatial clusters with
significant high values according to the Gi statistic (Getis and
Ord 1992).

The heat map allows for the rapid identification of hotspots
by weighting the value of an interest variable within a moving
window that moves across the entire study area. We built this
map using QGIS (QGIS Development Team 2015) with the
Heat Map plug-in using the centroids of the regular grid as
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Fig. 1 Colombian wetlands map
(Humboldt Institute, 2015)

Wetlands classes

- Open permanent

- Forested permanent

- Temporal

I Vedium potential
|:| Low potential

0 200

400 km

input and weighting the value of the percentage of wetland
loss area in each cell over a kernel radius of 50 Km.

According to Anselin (1995), the hotspots of a variable can
be identified from the areas where LISA is significant. The
LISA cluster map shows the areas with atypically high values
or atypically low values of the phenomena with statistically
significant values of LISA. We built this map using the
Univariate local Moran’s I function in GeoDa software with
999 permutations (Anselin et al. 2006), and we processed the
map to only show the areas with clusters of high values
surrounded by other high values, which correspond to the
areas with higher incidence of wetland loss.

The general Gi statistic of Getis and Ord (1992) is similar in
meaning to the LISA indicator because it checks the null hy-
pothesis that no clustering of high or low values occurs. When
this statistic is significant, spatial clusters of atypically high or
low values exist. We built the Gi cluster map using the Local
G Statistics Maps function in the GeoDa software and then
processed it to only show the clusters of high values.

@ Springer

We used kernel density estimation to build heat maps sep-
arately for the most important activities related to wetland area
loss: cattle raising, deforestation, and agriculture. In addition,
a mining heat map was produced. Although this activity has a
low impact on the loss of wetland area, it has a significant and
high impact on other aspects, such as water quality.

Results

Table 2 shows the wetland area loss across the country and the
current land uses in the area. More than 7 million ha of wet-
lands have land cover types related to human activities, which
correspond to approximately 24 % of the mapped wetland
area in the country. The human activities mainly responsible
for wetland loss in Colombia are cattle raisng, agriculture and
deforestation, which together account for nearly 95 % of the
loss of wetland area in Colombia. Burned land and other types
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Table 1 Land cover classes related to human activities Table 2 Area of wetland loss and human activities in Colombia
Land cover class, codes and description Related human Activity Wetland loss (ha) Wetland loss (%)
activity
Cattle raising 4,667,716.4 63.7
1.1.1. Continuous urban fabric urbanization Deforestation 1,168,108.3 15.9
1.1.2. Discontinuous urban fabric urbanization Agriculture 1,119,153.6 15.3
1.2.1. Industrial and commercial land urbanization Burned land 170,555.1 23
1.2.2. Road network, rail network and related land infrastructure Utrbanization 164.205.6 290
1.2.3. Se':aport land %nfrastructure Mining 20.861.4 03
1.2.4. Airports ) %ntf’rrastrucmre Forestry 14232.0 02
1?? ' x‘,‘t‘?m’r s infrastructure Infrastructure 7824.0 0.1
o Vg - mnmng Total 7,332,656.4 100
1.3.1.2. Oil mining mining
1.3.1.6. Salt mining mining
1.4.1. Green urban arcas urbanization of land cover related to urbanization, mining, forestry, and
1.4.2. Recreational facilities urbanization .
511 ot | st infrastructure account for 5 % of wetland loss.
- - TS Sea3004% CIOpS agrien fire Figure 2 shows the results of the hotspot identification
2.1.2.1. Rice agriculture . . . .
. analysis obtained using the three methods: kernel density,
2.1.2.2. Corn agriculture , . .. .
213.1. Cotton agriculture Local Moran’s I, and the Gi statistic. The differences among
U . the results from the different methods are minimal, with very
2.1.4.1. Onion agriculture . o
5142 Carrot agriculture high agreement and pointing to the same hotspot areas of
5 1.5.1. Potato agriculture wetland loss. In addition, thg kernel dens'lty r§su1ts show dif-
2.2.1.1. Other permanent arable crops agriculture ferences between the magnitudes of the identified zones and
22.1.2. Cane agriculture allow for more detailed delimitation of the hotspots. In gener-
22.1.2.1. Sugarcane agriculture al, wetland loss has affected lowlands (less than 1000 m.a.s.l.),
2.2.1.3. Plantain and banana agriculture with the exception of one area: the high plains of Bogota
2.2.2.1. Other permanent bush crops agriculture (2600 m.a.s.l.) that extend north from Bogota City in the
2.2.2.2. Coffee agriculture Andean zone.
2.2.2.3. Cocoa agriculture According to these results, at least 14 hotspots of wetland
2.2.3.1. Other permanent tree crops agriculture loss can be identified across the country. All hotspot areas are
2.2.3.2. Oil palm agriculture located near the Andean zone and towards the Caribbean
2.2.4. Agroforestry crops agriculture Coast, which are areas with higher population densities.
2.2.5. Confined crops agriculture Figure 3 shows the hotspots of wetland loss over the depart-

2.3.1. Clean pasture

2.3.2. Wooded pasture

2.3.3. Weedy pasture

2.4.1. Crop mosaic

2.4.2. Pasture and crop mosaic

2.4.3. Crop, pasture and natural spaces mosaic

2.4.4. Pasture and natural spaces mosaic

2.4.5. Crop and natural spaces mosaic

3.1.3. Fragmented forest

3.1.3.1. Fragmented forest with pastures and
crops

3.1.3.2. Fragmented forest with secondary
vegetation

3.1.5. Forest plantation

3.1.5.2. Broadleaf plantation

3.2.3. Secondary vegetation

3.2.3.1. High secondary vegetation

3.2.3.2. Low secondary vegetation

3.3.3. Bare and degraded land

3.3.4. Burned land

cattle raising
cattle raising
cattle raising
agriculture

cattle raising
cattle raising
cattle raising
agriculture

deforestation
deforestation

deforestation

forestry
forestry
deforestation
deforestation
deforestation
deforestation
burned land

ment boundaries, which are the top level of administrative
boundaries in Colombia.

Figure 4 shows the hotspots of wetland loss due to cattle
raising, deforestation, agriculture and mining. Although each
activity exposes a different spatial pattern, it was observed that
areas of deforestation correspond with areas used for cattle
raising or agriculture. Otherwise, mining follows an indepen-
dent pattern.

Discussion

This analysis focuses on wetland area loss, which is one aspect
of wetland change. Other important aspects of wetland
change, such as loss of biodiversity, loss of connectivity, sed-
imentation processes, or decreases in water quality, are be-
yond the scope of this analysis. Nevertheless, the wetland area
loss could be used as an objective quantitative indicator for
evidence-based policy making and monitoring when it is
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Fig. 2 Hotspots of wetland loss
in Colombia identified using three
different methods: kernel density
(a), Local Moran’s I (b), and Gi
statistic (c)

complemented with further information such as authorized
land use and accessibility data (Clare and Creed 2013).

The information used for this analysis presents some limi-
tations regarding thematic and positional accuracy. However,
this information is the best information currently available and
was generated using proven methods in a scientific and objec-
tive way. The wetland area loss data presented in this work can
be considered as the best estimates that are available for the
entire country. These data are objective, not skewed towards

Fig. 3 Hotspots of wetland area
loss over administrative
boundaries

@ Springer

particular interests and allow general insights regarding the
transformation of wetlands in the country and the related hu-
man activities.

Approximately 24 % of the total wetland area in
Colombia has been lost. The main activities in these
areas are related to intensive land use in rural areas,
including cattle raising, deforestation, and agriculture.
This result agrees with the main drivers of wetland area
changes in other countries around the world (Rebelo
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Fig. 4 Hotspots of wetland area A
loss related to different activities:

cattle raising (a), deforestation

(b), agriculture (c), and mining

(@) ’

et al. 2009; Niu et al. 2012; Rodriguez Eraso et al.
2013). However, we highlight that the Colombian case
is mainly driven by cattle raising, which accounts for
more than 50 % of the wetland loss and for the conver-
sion of more than 4 million ha of land to pastures.

According to Camargo (2012), wetlands were historically
regarded as wastelands and obstacles to economic develop-
ment. The International Bank for Reconstruction and
Development, IBRD (today the World Bank), sent an eco-
nomic Mission in 1949 to explore the Colombian territory
and concluded that the country had great potential for large-
scale agriculture development; however, flooding and wetland
areas were considered as major obstacles (Currie 1950). Based
on this view, the Colombian government contracted an
American engineering consulting firm to develop a plan for
flood control and water management in areas with high poten-
tial for agricultural expansion, and the IBRD mission pro-
posed draining wetland areas to expand agriculture based on
that plan (Camargo 2012).

Deforestation is particularly important in the western zone
of the country, where tropical humid forests are being illegally
exploited or replaced by plantain and banana crops, or palm
plantations. These areas were also highlighted in the Forest to
No-Forest report by the IDEAM based on forest-change maps
from 1990 to 2000 and 20002005 (Cabrera et al. 2011). In
the same sense, deforestation is considered a main driver of
land use change and is commonly followed by agriculture and
cattle raising land use. When soils are fertile, agriculture re-
mains the dominant land use; otherwise, the land is used for
livestock in the future.

The hotspots of wetland loss are mainly located near the
Andean zone in the Magdalena and Cauca River Valleys, to-
ward the plain lowlands in the east, and towards the Caribbean
Coast in the north. There is also one identified hotspot on the
Pacific Coast in the south. These results share the same spatial
pattern of forest conversion and land use assessment reported
by Etter et al. (2006), which indicates that different ecosys-
tems exhibit similar transformation patterns. With the excep-
tion of the Pacific coast hotspot, the regions mentioned above
are characterized for having high population densities and
high urbanization.

Towards the east, the Amazon and Orinoco Basins have the
lowest values of wetland loss. The population densities in
these areas are the lowest in the country. In addition, the lack

of road infrastructure in this area could have shielded these
areas from negative human impacts.

In general, the individual activity maps exhibit different
patterns. Nevertheless, the deforestation map shows a relation-
ship between cattle raising and agriculture hotspots. This re-
lationship is consistent and was explained above. Although
mining is not one of the main activities related to wetlands
loss, an individual map was produced to show the high im-
pacts of mining on the supply of water for human consump-
tion. The areas in the center of Colombia are vulnerable to
water pollution, and the water bodies and streams in these
areas are important for crop irrigation, fish production, and
the supply of drinking water. In the north, mining impacts
the soil structure as well as water infiltration and aquifers
recharge. This area is the driest area in Colombia, with inad-
equate aqueduct and sewage infrastructure where people de-
pend on the water provided by the aquifers.

Thus, the hotspot maps showing the lost wetland area
related to different processes or activities (Fig. 3) indicate
different hotspots across the country and show different
spatial patterns. These maps are very important because
they indicate that using one single wetland conservation
policy throughout a country is inadequate. The regions
most affected by cattle raising are different from the re-
gions affected by agriculture, deforestation, and mining. A
smart policy for wetland conservation requires acknowl-
edging these differences throughout the territory and
should propose different actions for different locations.

Furthermore, information regarding land-use activities and
wetlands types at the regional scale can be used to understand
ecosystem change triggers and trends and lead to more ade-
quate decision making and planning. In addition, continuous
data and the implementation of a wetland monitoring program
will improve management programs that aim to preserve these
ecosystems and their services and could be used to identify
new risk management strategies, which is one priority of the
Colombian government.

Conclusions
Intensive land use occurs in most areas where wetlands have

been lost in Colombia. This result is partially an outcome of an
outdated view of development in which wetland ecosystems
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were considered as mosquito breeding-areas and as a source of
new land for urban or rural development. Quantifying the area
of wetlands converted to intensive land use provides an indi-
cator of the magnitude of landscape changes encouraged by
this political vision. Now that the importance of wetland eco-
systems is more recognized, the use of analytical tools pro-
vides a method for estimating the impacts of those policies
and identifying the locations that are most affected. Maps of
wetland area loss provide a powerful tool for making informed
decisions and show the areas of the country that require more
attention when proposing policies and actions to reverse
trends of wetland loss.

The maps of hotspots of wetland area loss related to cattle
raising, agriculture, deforestation, and mining all show different
spatial patterns that point toward different locations across the
country. These results are simple yet powerful and indicate that
the country should use a set of different policies that consider
the differences in the drivers of change across the territory, as
well as the differences in the types of wetlands affected.

Although our outcomes have a national scope, they can be
complemented with detailed information of land use and wetland
ecosystems at the regional or local scales. This information will
allow stakeholders and local environment agencies to propose
different wetland management strategies for different regions.

Acknowledgements This research was undertaken as part of the pro-
ject “Ecosistemas Estrategicos Paramos y Humedales” funded by Fondo
Adaptacion del Ministerio de Hacienda, and conducted by Alexander von
Humboldt Institute for Research on Biological Resources (Convention no
008 of 2013). We are grateful to the “Paramos y Humedales” coordina-
tors, team, and the director at Humboldt Institute. Our acknowledge to
Ministry of Environment and Sustainable Development of Colombia
MADS, IDEAM, JAXA, K&C, Wageningen University and SarVision
that collaborated generating inputs used on this study.

References

Anselin L (1995) Local indicators of spatial association - LISA.
Geographical Analysis 27(2):93-115

Anselin L (2003) Spatial externalities, spatial multipliers, and spatial
econometrics. International Regional Science Review 26(2):153—
166. doi:10.1177/0160017602250972

Anselin L, Syabri I, Kho Y (2006) GeoDa: An introduction to spatial data
analysis. Geographical Analysis 38(1):5-22

Beach T, Luzzadder-Beach S (2012) Pre-Columbian people and the wet-
lands in Central and South America. In: Menotti F, O’Sullivan A (eds)
The Oxford Handbook of Wetland Archaeology (pp. 83—103). Oxford
University Press. doi:10.1093/oxfordhb/9780199573493.013.0007

Cabrera E, Vargas DM, Galindo G, Garcia MC, Ordofiez MF, Vergara
LK, Pacheco AM, Rubiano JC, y Giraldo P (2011) Memoria técnica
de la cuantificacion de la deforestacion historica nacional — escalas
gruesa y fina. Instituto de Hidrologia, Meteorologia, y Estudios
Ambientales-IDEAM-. Bogota D.C., Colombia. 106 p

Camargo A (2012) Landscapes of Fear: Water Grabbing, Wetland
Conservation, and the Violence of Property in Colombia. En
International Conference on Global Land Grabbing II (p. 28).
Land Deals Politics Initiative

@ Springer

Chen M, Liu J (2015) Historical trends of wetland areas in the agriculture
and pasture interlaced zone: A case study of the Huangqihai Lake
Basin in northern China. Ecological Modelling. doi:10.1016/;.
ecolmodel.2014.12.012

Chuvieco E (1995) Fundamentos de Teledeteccion Espacial, 2nd edn,
Madrid, 454 p

Clare S, Creed IF (2013) Tracking wetland loss to improve evidence-based
wetland policy learning and decision making. Wetlands Ecology and
Management 22(3):235-245. doi:10.1007/s11273-013-9326-2

Comision Econdmica para América Latina y el Caribe - Cepal (2012)
Valoracion de darios y pérdidas. Ola invernal en Colombia, 2010—
2011. Bogota

Currie L (1950) The Basis of a Development Program for Colombia.
International Fund for Reconstruction and Development.
Washington D.C. 685 p

Etter A, McAlpine C, Wilson K, Phinn S, Possingham H (2006) Regional
patterns of agricultural land use and deforestation in Colombia.
Agriculture, Ecology and Environment 114:369-386

Florez-Ayala C, Estupifian-Suarez LM, Rojas S, Aponte C, Quiiiones M,
Acevedo O, Jaramillo U (2016) Identificacion espacial de los
sistemas de humedales continentales de Colombia. Biota
Colombiana, in press

Garzon Yepes NV, Gutiérrez Camargo JC (2013) Deterioro de humedales
en el Magdalena medio: Un llamado para su conservacion. Bogota
D.C.: Fundacién Alma - Instituto de Investigacion de Recursos
Bioldgicos Alexander von Humboldt. 145 pp

Getis A, Ord JK (1992) The analysis of spatial association by distance
statistics. Geographical Analysis 355(24):189-206

Humboldt Institute (2015) Mapa de Humedales de continentales de
Colombia. In: Instituto de Investigacion de Recursos Biologicos
Alexander von Humboldt. Fondo Adaptacion. Convenio 13-014
(FA 005 de 2013), Bogota D. C.

Hussien Aragaw K (2014) Assessment of spatio-temporal changes of wet-
lands using GIS and RS techniques in Dawa Chefa Area in the
Northern Central Ethiopian Highlands. Mekelle University, Dissertation

IDEAM (2010) Leyenda nacional de coberturas de la tierra. Metodologia
CORINE Land Cover adaptada para Colombia. Escala 1:100.000.
Bogota D.C.: Instituto de Hidrologia, Meteorologia y Estudios
Ambientales

IDEAM (2012) Mapa de Coberturas de la Tierra. Metodologia Corine Land
Cover Adaptada para Colombia. Escala 1:100.000, Periodo 2005-2009.
Bogota: Instituto de Hidrologia, Meteorologia y Estudios Ambientales

IDEAM, SARVISION, I. Humboldt (2014) Mapa Nacional de
frecuencias de inundacion 2007-2011. Bogota D.C., Colombia:
IDEAM, SARVISION, I. Humboldt

IGAC (2014a) Cartografia basica de Colombia, GDB, Escala 1:100.000.
Bogota D.C., Colombia: Instituto Geografico Agustin Codazzi

IGAC (2014b) Mapa de Geopedologia, Escala 1:100.000. Bogota D.C.,
Colombia: Instituto Geografico Agustin Codazzi

Jackson CR, Thompson JA, Kolka RK (2014) Wetland soils, hydrology,
and geomorphology. In: Batzer D, Sharitz R (eds) Ecology of fresh-
water and estuarine wetlands, 2nd edn. University of California
Press, Berkeley, pp. 23-60

Jiang W, Wang W, Chen Y, Liu J, Tang H, Hou P, Yang Y (2012) Quantifying
driving forces of urban wetlands change in Beijing City. Journal of
Geographical Sciences 22(2):301-314. doi:10.1007/s11442-012-0928-z

Kayastha N, Thomas V, Galbraith J, Banskota A (2012) Monitoring wet-
land change using inter-annual landsat time-series data. Wetlands
32(6):1149-1162

Klemas V (2013) Remote sensing of emergent and submerged wetlands:
an overview. International Journal of Remote Sensing 34(18):6286—
6320. doi:10.1080/01431161.2013.800656

Li L, Vrieling A, Skidmore A, Wang T, Muiioz A-R, Turak E (2015)
Evaluation of MODIS spectral indices for monitoring hydrological
dynamics of a small, seasonally-flooded wetland in Southern Spain.
Wetlands 35(5):851-864. doi:10.1007/513157-015-0676-9


http://dx.doi.org/10.1177/0160017602250972
http://dx.doi.org/10.1093/oxfordhb/9780199573493.013.0007
http://dx.doi.org/10.1016/j.ecolmodel.2014.12.012
http://dx.doi.org/10.1016/j.ecolmodel.2014.12.012
http://dx.doi.org/10.1007/s11273-013-9326-2
http://dx.doi.org/10.1007/s11442-012-0928-z
http://dx.doi.org/10.1080/01431161.2013.800656
http://dx.doi.org/10.1007/s13157-015-0676-9

Wetlands (2016) 36:935-943

943

Marquez G (2001) De la abundancia a la escasez: La transformacion de
ecosistemas en Colombia. In: Palacios G (ed) La Naturaleza en
Disputa. Universidad Nacional de Colombia. UNIBIBLOS, Bogota

McCoy RM (2005) Field methods in remote sensing. New York: The
Guilford Press

Meidinger DV (2003) Protocol for accuracy assessment of ecosystem
maps. Res Br, BC Min For, Victoria, BC Technical report 11:23 p

Niu Z, Zhang H, Wang X, Yao W, Zhou D, Zhao K, Gong P (2012) Mapping
wetland changes in China between 1978 and 2008. Chinese Science
Bulletin 57(22):2813-2823. doi:10.1007/s11434-012-5093-3

Ottinger M, Kuenzer C, Liu G, Wang S, Dech S (2013) Monitoring land
cover dynamics in the Yellow River Delta from 1995 to 2010 based
on Landsat 5 TM. Applied Geography 44:53—68. doi:10.1016/].
apgeog.2013.07.003

Parzen E (1962) On estimation of a probability density function and
mode. The Annals of Mathematical Statistics 33(3):1065-1076.
doi:10.1214/a0ms/1177704472

QGIS Development Team (2015). QGIS 2.8 Wien. QGIS Geographic
Informatio System. Open Source Geospatial Fundation Project.
Retrieved from http://www.qgis.org

Ramachandra, T. V., Rajinikanth, R., & Ranjini, V. G. (2005). Economic
valuation of wetlands. Journal of Environmental Biology

Ramirez F, Davenport TL, Kallarackal J (2013) Bogota’s Urban
Wetlands: Environmental Issues. In: Lavigne G, Cote C (eds)
Colombia: Social, Economic and Environmental Issues (pp. 1-80).
Nova Science Publishers. Retrieved from http://www.ncbi.nlm.nih.
gov/pubmed/15003161

Rebelo LM, Finlayson CM, Nagabhatla N (2009) Remote sensing and
GIS for wetland inventory, mapping and change analysis. Journal of
Environmental Management 90(7):2144-2153. doi:10.1016/j.
jenvman.2007.06.027

Restrepo C, Naranjo LG (1987) Recuento historico de la disminucion de
humedales y la desparacion de aves acuaticas en el Valle del Cauca,
Colombia. In: Alvarez H, Kattan G, Murcia C (eds) Memorias III
Congreso de Ornitologia Neotropical: (pp. 43-5). Cali: ICBP-
USFWS-SVO

Ricaurte LF, Gutiérrez J, Borja SM, Cepeda-Valencia J, Arroyave LJ,
Olaya-Rodriguez MH, Lara D (2014) Evaluacion y mapeo de los
impulsores de cambio directos sobre los humedales a escala 1:

100.000 en las cuencas priorizadas por el Fondo Adaptacion.
Technical Report, Bogota

Rodriguez Eraso N, Armenteras-Pascual D, Alumbreros JR (2013) Land
use and land cover change in the Colombian Andes: dynamics and
future scenarios. Journal of Land Use Science 8(2):154—174.
doi:10.1080/1747423X.2011.650228

Rodriguez N, Armenteras D, Retana J (2015) National ecosystems ser-
vices priorities for planning carbon and water resource management
in Colombia. Land Use Policy 42:609-618. doi:10.1016/j.
landusepol.2014.09.013

Rosenblatt M (1956) Remarks on some nonparametric estimates of a
density function. The Annals of Mathematical Statistics 27(3):
832-837. doi:10.1214/a0ms/1177728190

Ross PM, Adam P (2013) Climate change and intertidal wetlands.
Biology 2(1):445-480

Scholte SSK, Todorova M, van Teeffelen AJA, Verburg PH (2016) Public
support for wetland restoration: What is the link with ecosystem service
values? Wetlands 36:467—481. doi:10.1007/s13157-016-0755-6

SIAC (2015) Mapa de Coberturas Nacionales. Retrieved 29th April 2015
from https://www.siac.gov.co/contenido/contenido.aspx?catID=905
&conlD=1450

Song G, Fu C, Yong E (2011) The analysis of ecosystem service value’s
change in Yueqing Bay wetland based on RS and GIS. Progress in
Environmental Science //:1365-1370. doi:10.1016/j.
proenv.2011.12.205

Turmer RK, Van den Bergh JCJM, Soderqvist T, Barendregt A, Van der
Straaten J, Maltby E, Van lerland EC (2000) Ecological-economic
analysis of wetlands: Scientific integration for management and pol-
icy. Ecological Economics 35(1):7-23. doi:10.1016/S0921-8009
(00)00164—6

Yu'Y, Suo A, Jiang N (2011) Response of ecosystem service to landscape
change in Panjin coastal wetland. Procedia Earth and Planetary
Science 2:340-345. doi:10.1016/j.proeps.2011.09.053

Yuan H, Zhang R (2010) Changes in wetland landscape patterns on
Yinchuan Plain, China. International Journal of Sustainable
Development & World Ecology 17(3):236-243. doi:10.1080
/13504501003729614

Zedler JB, Kercher S (2005) Wetland resources: status, trends, ecosystem
services, and restorability. Annual Review of Environment and
Resources 30(1):39-74. doi:10.1146/annurev.energy.30.050504.144248

@ Springer


http://dx.doi.org/10.1007/s11434-012-5093-3
http://dx.doi.org/10.1016/j.apgeog.2013.07.003
http://dx.doi.org/10.1016/j.apgeog.2013.07.003
http://dx.doi.org/10.1214/aoms/1177704472
http://www.qgis.org
http://www.ncbi.nlm.nih.gov/pubmed/15003161
http://www.ncbi.nlm.nih.gov/pubmed/15003161
http://dx.doi.org/10.1016/j.jenvman.2007.06.027
http://dx.doi.org/10.1016/j.jenvman.2007.06.027
http://dx.doi.org/10.1080/1747423X.2011.650228
http://dx.doi.org/10.1016/j.landusepol.2014.09.013
http://dx.doi.org/10.1016/j.landusepol.2014.09.013
http://dx.doi.org/10.1214/aoms/1177728190
http://dx.doi.org/10.1007/s13157-016-0755-6
https://www.siac.gov.co/contenido/contenido.aspx?catID=905&conID=1450
https://www.siac.gov.co/contenido/contenido.aspx?catID=905&conID=1450
http://dx.doi.org/10.1016/j.proenv.2011.12.205
http://dx.doi.org/10.1016/j.proenv.2011.12.205
http://dx.doi.org/10.1016/S0921-8009(00)00164-6
http://dx.doi.org/10.1016/S0921-8009(00)00164-6
http://dx.doi.org/10.1016/j.proeps.2011.09.053
http://dx.doi.org/10.1080/13504501003729614
http://dx.doi.org/10.1080/13504501003729614
http://dx.doi.org/10.1146/annurev.energy.30.050504.144248

	Hotspots of Wetland Area Loss in Colombia
	Abstract
	Introduction
	Methods
	Study Area
	Data
	Quantification of Wetland Area Loss
	Identification of Hotspots of Wetland Area Loss

	Results
	Discussion
	Conclusions
	References


