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H I G H L I G H T S

• Developed a framework to analyze paddy field dynamics, e.g., fallowing, recultivation.
• Low vegetation cover intermediates agricultural abandonment and afforestation.
• Agricultural abandonment occurred in the 1990s followed by recultivation in the 2000s.
• Decreasing low vegetation abundance promotes paddy field permanent abandonment.
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A B S T R A C T

Mountainous agricultural landscapes experienced large-scale land cover changes in the past decades due to 
traditional land modification practices and increasing permanent agricultural abandonment. However, there is 
lack of observation of short-period land cover transitions and paddy field dynamics of fallowing and recultiva-
tion. This study was implemented in the Philippines’ Ifugao rice terraces with three aims. The first aim is to 
analyze rapid land cover transitions by mapping land cover maps in consistent five-year intervals from 1990 to 
2020. The second aim is to analyze paddy field dynamics that involve permanent abandonment, fallowing, first- 
time cultivations, and recultivation by developing an analysis framework involving time-series land cover maps. 
The third aim is to confirm the relationship between abundance of vegetation land covers and permanent 
abandonment of paddy fields by implementing regression analysis. Results show that a two-step process 
involving low vegetation as an intermediary land cover typically occurs in between agricultural abandonment 
and afforestation that was widely observed in mountainous agricultural landscapes. Observed temporal dynamics 
of paddy fields aligned with historical records such as high rates of permanent abandonment in the 1990s and 
recultivation (416% increase) in the 2000s. Regression analysis revealed that there is a significant correlation 
between low vegetation cover abundance and subsequent paddy field permanent abandonment (P = 0.0498), 
which confirms that afforestation in the landscape decreased the water yield and promoted agricultural aban-
donment. The findings suggest that planning of mountainous agricultural landscapes should address social and 
environmental driving factors to mitigate the land-transition feedback loop that further promotes agricultural 
abandonment.   

1. Introduction

Mountainous agricultural landscapes feature strong human- 
environment interactions that form socio-ecological systems, where 

local communities alter and nurture the environment while the envi-
ronment provides food, resources, and livelihoods for the community 
(Aguilar et al., 2021; Cao et al., 2013; Pôças et al., 2011; Tarolli & 
Straffelini, 2020). In addition to crops and wood, these landscapes also 
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questions, time-series land cover mapping and transition analysis in 
consistent five-year intervals were implemented in Google Earth Engine 
(GEE). A framework for analyzing paddy field dynamics from land cover 
maps was developed. Lastly, regression analysis was implemented to 
analyze correlation between vegetation abundance and subsequent 
permanent agricultural abandonment. 

2. Methods

2.1. Study area

The study area was a designated watershed in the mountainous 
agricultural landscape of Banaue municipality, Ifugao province, 
Philippines (Fig. 1). The landscape contains clusters of rice terraces, one 
of which is the United Nations Educational, Scientific and Cultural Or-
ganization (UNESCO) world heritage site Bangaan terrace cluster 
(SITMo, 2008). A watershed was designated as the extent of analysis 
because of the assumption that hydrological processes in the landscape 
provide relations between land cover types (Soriano & Herath, 2018). 
For this study, the watershed being monitored is referred to as the 
Bangaan watershed. 

The Bangaan watershed has an area of 5,713 ha and an elevation 
range of 1,431 m, with the highest point being 2,111 m above mean sea 
level. The watershed is classified as Climate Type III, meaning it has no 
pronounced maximum rain period, and the dry season lasts for about 
one to three months, starting at the earliest in December and ending at 
the latest in May (Ducusin et al., 2019; PAGASA, n.d.). The watershed 
mainly consists of forest areas, with other abundant land use types as 
shrublands, grasslands, rice field terraces, and swidden fields. Built-up 
areas are abundant mainly in the town center, with their sprawls scat-
tered around the terraces (Acabado, 2012; McKay, 2003). Agriculture is 
mainly the source of sustenance and income of the local people, but the 
tourism industry also generates a large part of the municipality’s reve-
nue (Calderon et al., 2009). 

Aside from sowing, transplanting, and harvesting in the rice terraces, 
the local people also practice swidden farming, fallowing, wood cutting, 
and seedling planting (Aguilar et al., 2021; Camacho et al., 2016; Cas-
tonguay et al., 2016). Hence, the landscape undergoes frequent land 
cover transitions as part of the socio-ecological system in the landscape. 
With the rise of tourism and urbanization in the province, several people 
have emigrated, leaving some of the paddy fields permanently aban-
doned (Bantayan et al., 2012). In 2001, the Ifugao rice terraces was 
included in UNESCO’s List of World Heritage in Danger due to 
increasing degradation and abandonment of the agricultural lands 
(UNESCO, n.d.). It has already been lifted from the list in 2012, but it 
still faces continuous abandonment in the present (FAO, 2018). Because 
of the rapid land cover changes and ongoing agricultural abandonment, 
the Bangaan watershed is ideal for investigating land cover transitions 
and paddy field dynamics in a mountainous agricultural landscape. 

2.2. Datasets 

For this study, GEE was used as the source for most datasets. GEE is 
an online platform that provides an abundance of geospatial data and 
automatic cloud-based computations for handling data (Gorelick et al., 
2017). GEE is especially useful for spatial–temporal analysis because of 
the automated process of extracting time-series images and generating 
image composites. GEE was also utilized for analyzing the land cover 
transitions and paddy field dynamics. 

Landsat 5 and Landsat 8 Level 2, Collection 2, Tier 1 image collec-
tions were used as the main data for mapping the land cover in the 
Bangaan watershed from 1990 to 2020. These Landsat images were 
already geometrically and atmospherically corrected and cross- 
calibrated among different sensors, so they are suitable for decadal 
time series land cover change applications (Wulder et al., 2016). Shuttle 
Radar Topography Mission (SRTM) Version 3.0 Digital Elevation Model 
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provide bundles of ecosystem services (Burkhard et al., 2015; Peng et al., 
2019) such as water regulating services (Arnáez et al., 2015; Soriano & 
Herath, 2018). Some of these landscapes are also designated as Globally 
Important Agricultural Heritage Systems (GIAHS) such as the Hani Rice 
Terraces in China, Takachihogo-Shiibayama site in Japan, and Ifugao 
Rice Terraces in the Philippines (FAO, 2021). Hence, these landscapes 
also provide cultural identity (Tarolli et al., 2014; Tilliger et al., 2015) 
and opportunities for tourism (Terkenli et al., 2019; Tian et al., 2016). 

As part of the direct interaction between the local community and 
the environment such as farming, fallowing, woodcutting, and tree 
planting, mountainous agricultural landscapes experience frequent 
transitions in land cover (Liang et al., 2020; Minta et al., 2018; Xystrakis 
et al., 2017). These changes can alter ecosystem services (Locatelli et al., 
2017; Vidal-Legaz et al., 2013), hence it is vital to analyze the transitions 
in these landscapes for land use planning. 

Land cover transitions in mountainous agricultural landscapes have 
previously been analyzed through the utilization of remote sensing 
technologies such as satellite and aerial images (Aguirre-Gutiérrez et al., 
2012; Minta et al., 2018; Pôças et al., 2011; Xystrakis et al., 2017). 
However, analysis of land cover transitions in these studies was limited 
as the time-intervals between land cover maps were more than ten years 
or inconsistent. This limits the analysis of land cover transitions as it 
may not have captured rapid land cover transitions that have occurred in 
shorter time spans. Previous analysis may have missed a step before 
observed transitions or may have mistaken retransitions to former land 
covers as no changes. 

Apart from undergoing regular transitions in land cover, moun-
tainous agricultural landscapes have also been observed to undergo 
agricultural abandonment due to socio-economic and environmental 
drivers such as high cultivation cost in steep conditions and lack of 
available water in high elevations (Gellrich, Baur, Koch, et al., 2007; 
Gellrich & Zimmermann, 2007; Hou et al., 2021; Minta et al., 2018; 
Modica et al., 2017; Xystrakis et al., 2017). It is important to monitor the 
rate of permanent abandonment to maintain cultural ecosystem services 
(Tilliger et al., 2015) and prevent erosion (Londoño et al., 2017; Tarolli 
et al., 2014). However, as fallowing is a common practice in these 
landscapes, previous monitoring studies may have misclassified fal-
lowing as permanent abandonment (Pôças et al., 2011; Xystrakis et al., 
2017). Transitions from agricultural land to other land cover type were 
generally classified as agricultural abandonment and may have missed 
out on the fallowing process. 

As a consequence of agricultural abandonment, afforestation has also 
been widely observed to occur in mountainous agricultural landscapes 
(Gellrich, Baur, Koch, et al., 2007; Gellrich & Zimmermann, 2007; 
Kobler et al., 2005). Forest growth was shown to decrease water yield 
(García-Ruiz & Lana-Renault, 2011; Soriano & Herath, 2018; Ziegler 
et al., 2004), which also acts as a catalyst for further land abandonment. 
This implies a feedback loop between afforestation and agricultural 
abandonment, where the increase of occurrence of one phenomenon 
also increases the occurrence of the other phenomenon (Soriano & 
Herath, 2018). Previous studies have shown that proximity from forest 
areas increases the likelihood of agricultural abandonment (Bolliger 
et al., 2017; Gellrich, Baur, & Zimmermann, 2007; Pazúr et al., 2020). 
However, there have not been previous studies that show that the total 
area or abundance of forest cover also increases the magnitude of 
agricultural abandonment. This is important in landscape planning with 
the purpose of conserving agricultural lands. 

This study aims to analyze the dynamics of rapid land cover transi-
tions and permanent agricultural abandonment in the mountainous 
agricultural landscape of Ifugao rice terraces in the Philippines. Specif-
ically, this study aims to answer the following three questions: (1) What 
rapid land cover transitions are prominent in the Ifugao rice terraces 
landscape? (2) What is the frequency of permanent abandonment, fal-
lowing, first-time cultivation, and recultivation in the landscape? And 
(3) Is permanent agricultural abandonment related to abundance of 
other vegetation types in the landscape? To answer these research
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(DEM), which was released in 2013 and has a 30 m spatial resolution, 
was used for generating the shapefile of the Bangaan watershed and for 
training classification models. 

Aside from GEE, other software were also utilized for generating and 
exploring needed dataset. The shapefile of the Bangaan watershed was 
derived by using the SRTM DEM as input in the Arc Hydro tools in 
ArcGIS. Arc Hydro uses a straightforward approach in generating wa-
tersheds in a specified region by using a DEM to compute water flow, 
define streams, and generate catchments (Djokic et al., 2011). High- 
resolution images from Google Earth were used for the creation of 
training samples and validation of land cover images. Google Earth has 
been widely used alongside GEE to refer to high-resolution images for 
time-series mapping purposes (W. Cao et al., 2021; Zhou et al., 2019). 

2.3. Mapping 

The framework for mapping the land cover from 1990 to 2020 in-
cludes pre-processing, creation of training samples, land cover classifi-
cation, post-processing, and accuracy assessment (Fig. 2). The 
procedures were implemented mostly in GEE (Text S1) and supple-
mented by ArcGIS and Google Earth. 

2.3.1. Pre-processing 
Landsat image collections were spatially filtered to images over-

lapping with the location of the Bangaan watershed and temporally 
filtered to images captured during the dry season, set from December 1st 

of a previous year to May 31st of a subject year. The dry season in the 
Ifugao province was used as the intra-annual period as this coincides 
with the transplanting and growth stage of the rice in the rice terraces 
(SITMo, 2008), where flooding can be detected in paddy fields (Dong 
et al., 2015). The images were temporally grouped into collections of 
five-year time period for creating an image composite, with the target 
years as the middle years (e.g., for the year 2000, an image collection 
was created with images spanning from the years 1998 to 2002). Image 
composition has been widely used in previous studies to take into ac-
count phenology of vegetation (Chen et al., 2017; Kollert et al., 2021; 
Praticò et al., 2021) or agricultural cycle (Dong et al., 2015). A five-year 
period was used as making image collections from single year or three- 
year periods cannot produce a whole composite after implementing 
cloud and shadow masking. Also, a five-year interval between land 
cover maps was deemed appropriate for land cover transition analysis. 
Collections that have images from 1988 to 2012 were derived from the 
Landsat 5 satellite while images from 2013 to 2021 were derived from 
the Landsat 8 satellite; Landsat 7 images were not used because of the 
inconsistency produced by the scan-lines. For the case of year 2020, the 
three-year period 2019–2021 was used because the year 2021 can only 
be the used as latest year. 

The images from the dry-season multi-year collections were clipped 
to the shape of the watershed. Clouds and cloud shadows were masked 
for every image by utilizing the available pixel quality attributes 
generated from the CFmask algorithm (Foga et al., 2017). The spatial 
distribution of good observation counts per pixel showed consistent low 

Fig. 1. The location of the Bangaan watershed: (A) The location of Ifugao province in the Philippines; (B) The location of the Bangaan watershed and Banaue 
municipality in the Ifugao province; (C) The topography in the Bangaan watershed. 
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counts in the higher mountainous areas, indicating more pixels are being 
masked which may be due to terrain shadows (Fig. S1). The respective 
Blue, Green, Red, Near Infrared (NIR), Short-wave Infrared 1 (SWIR1), 
and Short-wave Infrared 2 (SWIR2) bands of Landsat 5 and Landsat 8 
were selected as these are the common bands between the two Landsat 
sensors, hence leaving out the other bands. A median function was 
implemented for each image collection to derive the image composite 
per target year (Alencar et al., 2020). A median function was used to get 
average pixel values during the dry period but at the same time ignore 
possible outlier values in paddy field areas such as fields that is not in the 
transplanting stage which may produce values close to low vegetation. 
Lastly, an elevation band derived from the SRTM DEM was added to 
each yearly composite, making each composite have seven bands for 
training the classifications models (Blue, Green, Red, NIR, SWIR1, 
SWIR2, and elevation). Before adding the elevation band, grains of 
misclassified pixels occurred in areas where there were terrain shadows, 
hence had low good observation count because of shadow masking. 

Coincidentally, these areas were in the higher parts of the mountain 
where there was only forest cover as training points, hence adding an 
elevation band easily removed the misclassified pixel grains. Seven 
image composites were produced, representing the years 1990, 1995, 
2000, 2005, 2010, 2015, and 2020. 

2.3.2. Creation of training samples for land cover classification 
Based on a field visit and previous studies on the Ifugao rice terraces, 

land usages in the landscape were identified (Table 1). These land usages 
were compared to high-resolution images in Google Earth and true color 
and false color images from the generated Landsat composites for 
identification. Spectral signatures of the different land usages in Landsat 
images were inspected and it was found that some of these land usages 
have low spectral separability (e.g., grassland and caneland cannot be 
differentiated). Also, not all land usages can be identified with confi-
dence by image interpretation using Google Earth and Landsat images, 
which is important for creating training and validation samples. When 

Fig. 2. The framework for mapping the land cover at the Bangaan watershed from 1990 to 2020 using a combination of Google Earth Engine, Google Earth and 
ArcGIS. RF = Random Forest. 

Table 1 
Description and land usage of each land cover type.  

Land cover type Description Land usage 
(Acabado, 2012) 

Paddy field Flooded terraced land for cultivation of semiaquatic crops such rice or taro Pond-field 
Low vegetation Dry land with vegetation of low density such as lands with sparse trees or lands filled with grass or vegetables Grassland, Caneland, Swidden, Drained field 
Forest Land with high, woody, and compacted trees Woodlot, 

Forest 
Built-up Land with artificial surfaces such as concrete, asphalt, or aluminum House terrace, Roads, Buildings  

I. Estacio et al.                                                                                                                                                                                                                                  
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choosing the land cover types to be classified for subsequent land cover 
transition analysis, the following were considered: (1) Transitions 
involving paddy field and forest land cover types are the most important 
as based on previous studies, agricultural abandonment leads to affor-
estation, and afforestation promotes agricultural abandonment through 
decrease in water yield; (2) Obtaining high accuracies for generated land 
cover maps is a priority to obtain reliable land cover transition analysis. 
From these considerations, the land cover types chosen for image clas-
sification were paddy field, low vegetation, forest, and built-up (Table 1) 
as these land cover types have high spectral separability and can be 
differentiated with confidence using Google Earth and Landsat images. 
Some land use transitions may be missed (e.g., transitions between 
grassland and swidden field), but this is deemed acceptable for the 
current research as dynamics involving paddy field and forest were 
prioritized. Water was not included as there were no lakes due to the 
study area being in a mountainous area, while the streams did not cover 
much area (only around 20 pixels per image composite). The small area 
of water was instead addressed in the post-classification section. 

After choosing the land cover types to classify, 600 training samples 
(150 points per land cover type) were created based on Google Earth 
high-resolution images, Landsat true color, false color, and Principal 
Components Analysis (PCA) images. Principal Component Analysis is a 
dimensionality-reduction method applied in remote sensing that line-
arly transforms a multi-band image to generate a new image with less 
correlated bands, with the first band covering the maximum variance in 
the data space (Lei et al., 2008; Munyati, 2004). PCA is useful for 
identifying land cover types through visualization as the first three 
bands can capture most of the variance in the image’s spectral values. 
PCA images aided in differentiating the different land cover types, 
especially between built-up and low vegetation areas (Fig. S2). High- 
resolution images in Google Earth were only available from the years 
2010 to 2020, so Landsat image interpretation were mostly used for 
creating the samples. However, Google Earth images from 2010 on-
wards also helped in sampling previous years as it confirmed low 
vegetation cover that were previously paddy fields due to the forms of 
the terraces. As the pixel size of Landsat images is larger than the pixel 
size of Google Earth images (which can reach sub-meter level accuracy), 
sampling was limited to one point per Landsat pixel, with Google Earth 
image pixels within the Landsat pixel used as supplement for inter-
preting the land cover type of the sample point. 

2.3.3. Land cover classification 
Two rounds of pixel-based supervised classification were employed 

to generate the land cover maps (Alencar et al., 2020). In the first round 
of classification, the 600 training samples per target year were used to 
train a Random Forest classifier model (Breiman, 2001). The parameter 
for the number of trees in the Random Forest model was calibrated ac-
cording to coherence of generated land cover maps to actual images in 
Google Earth Engine until the parameter was set to 100. The other pa-
rameters in the model were set as default (number of variables per split 
= square root of number of variables, min leaf population = 1, bag 
fraction = 0.5, max nodes = no limit). After the first round, the authors 
noticed that some areas in the classified images have inconsistent clas-
sification through the years. This may be due to the fact that the spectral 
signatures gathered from the training samples may have been insuffi-
cient to train consistent Random Forest models through the years. To 
address this, the authors decided to adopt two-rounds of classification by 
Alencar et al. (2020). In the second round, the initial seven generated 
land cover images were used to produce a new set of training points. If a 
land cover type occurred in a pixel for at least five years (e.g., 1990, 
2000, 2005, 2015, and 2020), a point was placed in that pixel with the 
classification of the subject land cover type and was treated as a training 
point for the years the land cover type occurred. This procedure pro-
duced a minimum of 13,000 training samples per year. After the second 
classification, the maps produced looked more consistent, which will aid 
in land cover transition analysis. 

2.3.4. Post-classification 
To further improve the accuracies of the land cover images, two post- 

classification procedures were applied: temporal filter and masking 
misclassified paddy fields on the streamline. 

Generated classified images showed some grains which were obvi-
ously misclassified. As these grains of misclassification will affect the 
land cover transition analysis, temporal filters were implemented 
(Alencar et al., 2020). Transition rules were applied on land cover im-
ages based on the assumption that some transitions are improbable to 
occur in the mountainous agricultural landscape (Table S1). For 
example, built-up land cover type occurring between periods of paddy 
fields is highly improbable and may be caused by misclassification. 
These transition rules were applied to the land cover images, starting 
from the earliest year (1990) until the last year (2020), then repeated 
two times. 

It was also observed that some pixels along the streamlines were 
misclassified as paddy fields. This may be explained with the water 
along streamlines being mistaken as the flooding in the paddy fields. To 
address this, misclassified paddy field pixels on the streamline were 
masked and converted to neighboring land cover types (Fig. S3). A 
polyline shapefile of the streamline was first digitized using high- 
resolution images as reference, then converted to raster. Paddy field 
pixels that intersected with streamline pixels were considered mis-
classified and were masked. These masked pixels were then converted to 
the land cover type of the majority in the square neighborhood pixel. 

2.3.5. Accuracy assessment 
The accuracies of the final land cover maps were assessed using 

validation points sampled using stratified random sampling (Cao et al., 
2021). After generating the final land cover maps, 300 validation points 
were generated per target year, with the number of points per land cover 
type in proportion to the land cover type’s area. The generated valida-
tion points were assigned a reference data by referring to Google Earth 
high-resolution images and Landsat true color, false color, and PCA 
images. Meanwhile, classifications in the generated land cover map 
were extracted into the validation points as classification data. Using the 
validation points, the Producer’s and User’s accuracies of each land 
cover type and the Overall accuracy of each land cover map were 
determined to assess the land cover maps. 

2.4. Analysis of dynamics of land cover transitions and paddy field 
abandonment 

From the generated land cover maps, relational and conditional 
raster operations were implemented to analyze land cover transitions, 
paddy field dynamics, and the relationship between vegetation cover 
abundance and paddy field abandonment. 

2.4.1. Land cover transitions 
For each five-year interval between land cover maps, the transitions 

between land cover types were analyzed. For example, if a pixel was 
classified as Paddy Field in 2000 and Low Vegetation in 2005, the pixel 
was classified as a “Paddy Field to Low Vegetation” transition in the 
2000–2005 land cover transition map. The total area for every transition 
type was computed to determine the abundant transitions in the 
watershed (Aguirre-Gutiérrez et al., 2012; Pôças et al., 2011; Zhu & 
Woodcock, 2014). 

2.4.2. Paddy field dynamics 
Based on the time-series land cover maps, a three-part framework for 

analyzing temporal dynamics of paddy fields was developed. 
The first part deals with deriving maps showing the years cultivation 

was first and last practiced (Fig. 3A). The ‘First period of cultivation’ 
map was generated by identifying the earliest year a paddy field was 
identified in a pixel. For example, given a pixel from land cover maps 
spanning from 1990 to 2020, if the first year a paddy field was detected 
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is year 2000, the value in the ‘First period of cultivation’ map for the 
respective pixel is ‘2000′. On the other hand, the ‘Last period of culti-
vation’ map was generated by identifying the last year a paddy field was 
identified in a pixel. For example, given the same pixel, if the last year a 
paddy field was detected is year 2015, the value of the pixel in ‘Last 
period of cultivation’ map is ‘2015′. 

The second part deals with deriving maps showing abandonment and 
expansion of paddy fields for every five-year period (Fig. 3B). Aban-
donment maps were generated by treating transitions from paddy field 
as ‘Abandonment’. For example, given a pixel in 2000 and 2005 land 
cover maps, if the pixel transitioned from a paddy field, the pixel is 
classified as ‘Abandonment’ in the 1995–2000 Abandonment map. On 
the other hand, expansion maps were generated by treating transitions 
to paddy field as ‘Expansion’. For example, given a pixel in 2000 and 
2005 land cover maps, if the transition is going into a paddy field, the 
pixel is classified as “Expansion” in the 1995–2000 Expansion map. 

The third part combines the results of the first and second parts and 
derives maps showing the dynamics of paddy fields for every five-year 
period (Fig. 3C). First, ‘Abandonment’ pixels in an Abandonment map 
are inspected. If an ‘Abandonment’ pixel for a period coincides with a 
pixel that has a value of the period’s ending year in the ‘Last period of 
cultivation’ map, the pixel is identified as “Permanent abandonment”. 
For example, in the 1995–2000 Abandonment map, if an ‘Abandonment’ 
pixel coincides with a ‘2000’ pixel from the ‘Last period of cultivation’ 
map. The pixel will be classified as “Permanent Abandonment”. On the 
other hand, if an abandonment pixel does not coincide with a pixel that 
has a value of the period’s ending year in the ‘Last period of cultivation’ 
map, it is classified as ‘Fallowing’. For example, if an abandonment pixel 
from the same 1995–2000 Abandonment map does not coincide with a 
‘2000’ pixel from ‘Last period of cultivation’, the pixel will be classified 
as “Fallowing”. After inspecting ‘Abandonment’ pixels, ‘Expansion’ 

pixels in an Expansion map are inspected next. If an ‘Expansion’ pixel 
coincides with a pixel that has a value of the period’s starting year in the 
‘First period of cultivation’ map, the pixel is identified as ‘First-time 
cultivation’. For example, in the 1995–2000 Expansion map, if an 
‘Expansion’ pixel coincides with a ‘1995’ pixel from the ‘First period of 
cultivation’ map, the pixel will be classified as ‘First-time cultivation’. 
On the other hand, if an ‘Expansion’ pixel does not coincide with a pixel 
with a value of the period’s starting year in the ‘First period of culti-
vation’ map, it is classified as ‘Recultivation’. For example, if an 
‘Expansion’ pixel from the same 1995–2000 land cover transition map 
does not coincide with a ‘1995’ pixel from ‘First period of cultivation’, 
the pixel will be classified as “Recultivation”. 

Through this developed three-part framework, the temporal dy-
namics of permanent abandonment, fallowing, first-time cultivation, 
and recultivation were analyzed. 

2.4.3. Relationship between vegetation cover abundance and paddy field 
abandonment 

To analyze the relationship between the abundance of vegetation 
land cover types (low vegetation and forest) to the permanent aban-
donment of paddy fields, regression analysis was implemented. The 
areas of the vegetation land cover types were each treated as an 
explanatory variable while the subsequent permanent abandonment 
was treated as the response variable. Since abandonment pixels in the 
2015–2020 period were all classified as permanent abandonment 
(recultivation still cannot be confirmed), only periods from 1990 to 
2015 were considered in the regression analysis. Regression analysis 
was implemented using the Analysis ToolPak in Microsoft Excel. 

Fig. 3. The framework for analyzing paddy field dynamics for the study period 1990–2020: (A) Generating a raster showing the first period of cultivation and a raster 
showing the last period of cultivation; (B) Generating rasters of abandonment and expansion for each five-year period; (C) Generating a raster of paddy field dy-
namics which shows permanent abandonment, fallowing, first-time cultivation, and recultivation. 
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3. Results 

3.1. Land cover change from 1990 to 2020 

Time-series land cover maps from 1990 to 2020, in five-year in-
tervals, were produced. The minimum overall accuracy of the land cover 
maps was 97.00% (for the years 1990 and 2000), the minimum pro-
ducer’s accuracy was 89.66% (Paddy field for year 1990), and the 
minimum user’s accuracy was 88.89% (Built-up for the years 1990 and 
2000) (Table 2). These accuracies indicated that the land cover maps 
produced were accurate and reliable to be used for land cover transition 
analysis. The high accuracies of the maps may be attributed to the large 
number of training samples from the second round of classification and 
the post-classification procedures. 

From 1990 to 2020, paddy fields and low vegetation covers in the 
Bangaan watershed experienced net loss in area (Fig. 4). The paddy 
fields in the terraces experienced the most decrease in area, where it 
only retained 60% of its original cover and expanded only to other land 
cover by 17%, having only 77% of net area from 1990 (Table S2). Low 
vegetation only retained 60% of its original cover and expanded by 28%, 
having 88% of net area from 1990. On the other hand, forest and built- 
up covers experienced net gains in area. Forests retained 93% of its 
original cover, and expanded by 14%, having a net area of 107% from 

1990. Built-up, although retaining only 59% of its original cover, 
expanded to other areas by 65%, having a net area of 114% from 1990. 

All land cover types also underwent both increases and decreases in 
area (Fig. 5). Paddy fields experienced a decrease in area of 113 ha from 
1990 to 2000. It experienced a slight increase of 37 ha in the following 
ten years from 2000 to 2010 before experiencing a decrease of 69 ha 
from 2010 to 2020. Forests experienced almost alternating increases and 
decreases in area, but it notably experienced a sharp increase of 304 ha 
in the 2005–2010 period. Same with the forests, low vegetation cover 
experienced almost alternating changing trends, but on the other hand, 
experienced a sharp decrease of 303 ha in the 2005–2010 period. Built- 
up was relatively stable, with the highest magnitude of change at 30 ha 
(increase) in 2015–2020. 

3.2. Land cover transitions 

When the net area of a land cover type changes, a transition between 
land cover types occurs (Fig. 6, Fig. S4). For most land cover transitions 
that occurred, low vegetation acted as a dominant transition source and 
transition outcome; the other land cover types (Paddy field, Forest, 
Built-up) mostly transitioned from and into low vegetation. It appears 
that low vegetation acts as an intermediary land cover for transitions. In 
the three-decade study period, most transitions occurred between paddy 

Table 2 
Confusion matrices of the land cover maps generated every five years from 1990 to 2020. UA = user’s accuracy, PA = producer’s Accuracy, OA = overall accuracy.  

Year Classification Reference UA (%) 

Paddy Field Low Vegetation Forest Built-up 

1990 Paddy Field 26 0 2 0  92.86 
Low Vegetation 0 68 2 0  97.14 
Forest 2 2 189 0  97.93 
Built-up 1 0 0 8  88.89 
PA (%) 89.66 97.14 97.93 100.00  OA = 97.00  

1995 Paddy Field 28 2 0 0  93.33 
Low Vegetation 1 65 0 0  98.48 
Forest 1 1 194 0  98.98 
Built-up 0 0 0 8  100.00 
PA (%) 93.33 95.59 100.00 100.00  OA = 98.33  

2000 Paddy Field 27 0 0 0  100.00 
Low Vegetation 0 65 5 0  92.86 
Forest 0 3 191 0  98.45 
Built-up 0 0 1 8  88.89 
PA (%) 100.00 95.59 96.95 100.00  OA = 97.00  

2005 Paddy Field 27 1 0 0  96.43 
Low Vegetation 0 71 1 0  98.61 
Forest 1 3 187 0  97.91 
Built-up 0 0 0 9  100.00 
PA (%) 96.43 94.67 99.47 100.00  OA = 98.00  

2010 Paddy Field 29 0 0 0  100.00 
Low Vegetation 0 54 3 0  94.74 
Forest 1 2 203 0  98.54 
Built-up 0 0 0 8  100.00 
PA (%) 96.67 96.43 98.54 100.00  OA = 98.00  

2015 Paddy Field 26 0 0 0  100.00 
Low Vegetation 1 60 0 0  98.36 
Forest 0 4 201 0  98.05 
Built-up 0 0 0 8  100.00 
PA (%) 96.30 93.75 100.00 100.00  OA = 98.33  

2020 Paddy Field 21 2 0 1  87.50 
Low Vegetation 1 57 1 0  96.61 
Forest 0 3 205 0  98.56 
Built-up 0 0 0 9  100.00 
PA (%) 95.45 91.94 99.51 90.00  OA = 97.33  
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fields, low vegetation, and forest; there was only a relatively small 
amount of change in built-up per period compared with the other land 
cover types. From a spatial perspective, the same areas in the study area 
experienced multiple transitions in the three-decade period, such that 
first-time transitions were almost followed later on by another 
transition. 

Throughout the three-decade study period, “from low vegetation to 
forest” and “from forest to low vegetation” transitions were constantly 
the largest transitions in the landscape. Forest and low vegetation covers 
regularly interchanged between each other at large and almost alter-
nating rates. Forest transitioned more to low vegetation in the 
1995–2000, 2000–2005, and 2010–2015 periods, while low vegetation 
transitioned more to forest in the 1990–1995, 2005–2010, 2015–2020. 
Notably, there was a relatively large transition of 369 ha from low 
vegetation to forest in the 2005–2010 period, making up 70% of the 
total expansion of forest and 72% of the total reduction of low vegeta-
tion in the three-decade study period. 

For most periods, transitions from paddy fields (agricultural aban-
donment) exceeded transitions to paddy fields (agricultural expansion). 
For the periods 2000–2005 and 2005–2010, agricultural expansion 
exceeded agricultural abandonment by 28 ha and 8 ha, respectively. 
However for all other periods, agricultural abandonment exceeded 
expansion in average by 36 ha. This greater rate of agricultural aban-
donment compared with expansion may be accounted for the overall net 
decrease of paddy fields through the three-decade study period. 

3.3. Dynamics of paddy fields 

Maps of the first and last period of cultivation in the paddy fields 
showed different years when agricultural expansion and abandonment 
were abundant (Fig. 7B and C). In the periods from 1990 to 2020, first- 
time cultivations occurred at a rate of 36 ha per five-year period, with no 
period having a notable magnitude (Fig. 8). On the other hand, per-
manent abandonment occurred at an average of 61 ha per five-year 

period, almost double the area of first-time cultivations. Notably, the 
years of 2010 and 2015 had the highest area of permanent abandonment 
at 88 ha and 94 ha, respectively. Overall, from 1990 to 2020, the areas 
permanently abandoned exceeded the areas newly cultivated, making 
the total area of paddy fields lower by 2020 (Fig. 7A). 

Analysis of the dynamics of paddy fields also confirms the regular 
occurrence of fallowing and recultivation in the landscape (Fig. 8). From 
1990 to 2015, the area of fallowed paddy fields was constantly 
decreasing, indicating that the practice of fallowing has been 
decreasing. Fallowing had relatively high occurrence between 1990 and 
2000 at an average of 52 ha per five-year period compared with the 
occurrence between 2000 and 2010 at an average rate of 20 ha per five- 
year period. It should be noted that there were no fallowed areas in the 
2015–2020 period as future recultivation cannot be determined. 
Meanwhile, recultivation varied for every period. In the 2000–2005 
period, recultivation increased by 416% compared to the value in the 
1995–2000, indicating that large-scale agricultural expansion occurred 
in this period. It should also be noted that there were no recultivated 
areas in the 1990–1995 period as previous fallowing cannot be 
determined. 

3.4. Relationship of vegetation abundance to paddy field abandonment 

Total area of low vegetation cover had a significant inverse rela-
tionship with subsequent permanent abandonment of paddy fields 
(Slope = − 0.161, R2 = 0.772, P = 0.0498) (Fig. 9B). In general, higher 
areas of low vegetation led to lower rates of permanent paddy field 
abandonment (Fig. 9A). For forests, total area had a direct relationship 
with subsequent permanent abandonment (Slope = 0.159, R2 = 0.757, 
P = 0.0551) (Fig. 9C), with higher forest areas leading to higher rates of 
permanent paddy field abandonment. 

Fig. 4. The land cover of the Bangaan watershed at the start and end of the three-decade time period: (A) The land cover map in 1990; (B) The land cover map 
in 2020. 
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4. Discussion 

4.1. Land cover transitions 

Analysis of land cover transitions in consistent five-year intervals 
showed that the mountainous agricultural landscape of Ifugao rice ter-
races undergo frequent rapid transitions. Transition maps also showed 
that the same areas experienced multiple transitions throughout the 
three-decade study period. Regularity of land cover transitions is in line 
with studies on agroecosystems in mountainous agricultural landscapes 
(Aguilar et al., 2021; Liang et al., 2020). These agricultural systems are 
examples of socio-ecological systems where humans interact with agri-
cultural lands, forests, and other land cover types, and in turn cause the 
regular transitions in land cover in these landscapes. 

Specifically in the Ifugao rice terraces, the farmers practice slash- 
and-burn for the swidden fields which converts forest cover into low 
vegetations cover (Avtar et al., 2019). Swidden fields when left alone are 
then converted to woodlot, which may cause afforestation (Herzmann 
et al., 1998; Serrano & Cadaweng, 2005). Tree cutting for woodcarving 
or fuel and planting of seedlings are also common practices in the area. 
(Camacho et al., 2016). The occurrence of these traditional practices 
may explain the frequent transition between forest to low vegetation. 
However, in the past decades, local people doing these practices have 
decreased due to emigration and lack of successors (Calderon et al., 
2009; Dizon et al., 2012). The decrease of occurrence of these practices 
may have driven the long-term decrease of low vegetation, especially in 

the 2005–2010 period. 
Previous studies have established that agricultural abandonment in 

mountainous agricultural landscapes consequently result to afforesta-
tion (Gellrich, Baur, Koch, et al., 2007; Gellrich & Zimmermann, 2007; 
Kobler et al., 2005). These studies however have only observed the long- 
term changes in the landscape. The land cover transition analysis in this 
study revealed that typically a two-step transition process occurs be-
tween agricultural abandonment and afforestation. Low vegetation acts 
as an intermediary land cover type for transitions between paddy field 
and forest. Hence, paddy fields first transition into low vegetation cover 
before transitioning into forests. 

Low vegetation being an intermediary land cover for transitions may 
also explain its large variation in changes through the three-decade time 
period. Low vegetation regularly undergoes multiple transitions hence is 
vulnerable to changes in total area. Grassland, being one of the land use 
types under low vegetation land cover, may also be a reason for the large 
changes observed in this study.. Xystrakis et al. (2017) observed that 
grassland is a dynamic land cover and large changes in area occurred in 
all periods of their study. Along with grassland, swidden fields are also 
dynamic land use types, with active periods spanning two to five years 
and fallows periods of up to five years (Camacho et al., 2016). 

4.2. Paddy field dynamics 

Farmers in the Ifugao rice terraces traditionally practice fallowing of 
paddy fields to allow the land to recover, hence cultivation of paddy 

Fig. 5. Trend in total area of the four land cover types in the Bangaan watershed from 1990 to 2020.  

I. Estacio et al.                                                                                                                                                                                                                                  



Landscape and Urban Planning 222 (2022) 104394

10

fields are always in a cycle of continuous cultivation, a period of fal-
lowing, then recultivation (Herath et al., 2015). This agricultural cycle 
in turn lead to the observed dynamics in paddy fields and the regular 
transitions from and to paddy fields. 

Along fallowing and recultivation, permanent abandonment and 
first-time cultivation of paddy fields have also been observed, with 
permanent abandonment having a much greater average rate than first- 
time cultivations, evident by the total area of the paddy fields being 

much lower in the year 2020 than in 1990. In the periods from 1990 to 
2000, large rates of permanent abandonment were observed. This 
observation is in line with historical accounts as in 2001, the Ifugao rice 
terraces was put in UNESCO’s List of World Heritage in Danger due to 
increasing abandonment and degradation in the rice fields (UNESCO, n. 
d.). After this declaration, the Philippine government established the 
Ifugao Rice Terraces Cultural Heritage Office (IRTCHO) in 2003 that 
oversaw the conservation of the rice terraces and the drafting of a 10- 

Fig. 6. The magnitudes of transitions between the four land cover types in the watershed for each five-year period. The total area of a color per period indicates the 
total transition from a land cover type while the total area of a column indicates the total transition into the land cover type. 

Fig. 7. Spatio-temporal patterns of paddy field cultivation from 1990 to 2020: (A) The overall land cover change in paddy fields in the three-decade period; (B) The 
period when an area was first cultivated; (C) The period when an area was last cultivated. 
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year master plan (Calderon et al., 2009). Based on the master plan, 
projects were implemented for water management, agricultural man-
agement, watershed management, hazard management, transport 
development, spatial restructuring and tourism development, cultural 
enhancement, and livelihood development (UNESCO, 2005). In the 
periods from 2000 to 2010, it was observed that first-time cultivation 
and recultivation rates occurred at rates much higher than previous 
occurrences, hence signifying that such implemented projects were 
successful in restoring parts of the terraces. Consequently, the Ifugao 
rice terraces was removed from the List of World Heritage in Danger in 
2012 (UNESCO, n.d.). However, the problem of agricultural abandon-
ment still persisted after (FAO, 2018), as was observed in the large area 
of permanent abandonment observed from 2010 to 2020. 

As with the case of Ifugao rice terraces, agricultural abandonment 
has also been observed to occur in other mountainous agricultural 
landscapes (Gellrich, Baur, Koch, et al., 2007; Gellrich & Zimmermann, 
2007; Xystrakis et al., 2017). In fact, a review by MacDonald et al. 
(2000) found that most mountainous landscapes around Europe have 
experienced widespread abandonment after World War II. Modica et al. 
(2017) have also observed dynamics of fallowing and recultivation in 
the terraced landscape of Costa Viola in Italy using photo interpretation. 
The study found that some of the terraces that were active at the start 
and end of the study period were once abandoned during the period. At 
the same time, some of abandoned terraces were also active at some 
point, indicating that dynamics of fallowing, recultivation, permanent 
abandonment, and first-time cultivation also occurred in other 

Fig. 8. Dynamics of paddy fields for every five-year period from 1990 to 2020: The spatial distribution of paddy field dynamics in (A) 1990–1995; (B) 1995–2000; 
(C) 2000–2005; (D) 2005–2010; (E) 2010–2015; (F) 2015–2020; (G) Magnitude of changes for each period. The total area of a column indicates the total agricultural 
abandonment or expansion per period. 
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mountainous agricultural landscapes. In all of these studies, agricultural 
abandonment occurred in such landscapes due to socio-economic factors 
such as high cultivation costs in steep areas and migration to lowland 
areas. As the world undergoes modernization, the difficult cultivating 
conditions in mountainous agricultural landscapes create lower wages 
which prompt farmers to seek better working and living conditions. This 
situation leads to the abandonment of agricultural lands, which through 
time leads also to natural afforestation. 

4.3. Relationship between vegetation abundance and permanent paddy 
field abandonment 

The results showed a significant inverse relationship between 
abundance of low vegetation cover and subsequent permanent aban-
donment of paddy fields. Studies have shown that forest regeneration 
leads to a decrease in water yield (García-Ruiz & Lana-Renault, 2011; 
Soriano & Herath, 2018). Forest cover decreases the water yield because 
forest canopy intercepts water and exotic trees decrease low flow, the 

stream of water during dry season (Bonnesoeur et al., 2019). Grasslands 
in high elevations also have water yield 40% greater than tree planta-
tions (Bonnesoeur et al., 2019). As a consequence, a higher low vege-
tation cover and lower forest cover in the landscape indicate higher 
water recharge. As water scarcity is one of the factors for terrace 
abandonment in the Ifugao rice terraces (Calderon et al., 2009; Camacho 
et al., 2016), a higher area of low vegetation cover and lower area of 
forest cover would also indicate a lower rate of permanent paddy field 
abandonment. 

4.4. Implication for landscape planning 

Overall, the abundance of low vegetation and forest cover forms a 
feedback loop with permanent abandonment of the paddy fields (Sor-
iano & Herath, 2018) (Fig. 10). As part of the socio-ecological system in 
the Ifugao rice terraces, traditional practices of the local farmers regu-
larly alter the paddy field, low vegetation, and forest covers in the 
mountainous agricultural landscape. These practices have been 

Fig. 9. Relationship between abundance of vegetation land cover types and permanent abandonment of paddy fields from 1990 to 2020: (A) The temporal variation 
of low vegetation area, forest area, and subsequent permanent paddy field abandonment; (B) Correlation between low vegetation area and subsequent permanent 
abandonment; (C) Correlation between forest area and subsequent permanent abandonment. 
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sustainable for several generations as the condition of the terraces can be 
retained. However, due to a variety of driving forces such as emigration, 
lack of successors, and water scarcity, permanent abandonment of 
paddy fields occurs (Calderon et al., 2009; Camacho et al., 2016; Dizon 
et al., 2012). Permanent abandonment of paddy fields leads to transi-
tions into low vegetation cover, which later on transitions into forest 
cover. Increase of forest cover or afforestation alters the hydrological 
balance in the watershed, decreasing the water resources for the paddy 
field. This decrease in water resources again causes permanent aban-
donment which starts the feedback loop, making the condition of the 
terraces in the mountainous agricultural landscape unsustainable to be 
retained. Based on this mechanism in the Ifugao rice terraces, the Local 
Government Unit (LGU) should look into developing policies to mitigate 
both the social and environmental driving factors to maintain the Ifugao 
rice terraces. 

For the social factors, different programs and policies have already 
been initiated by the LGU to maintain the farmers in the terraces. A 
sustainable financing mechanism has been proposed where payment 
from tourists is to be optimized and allocated to farmers to prevent 
emigration (Calderon et al., 2009). A program was also initiated where 
wood carving and fabric weaving were promoted to farmers when it is 
agricultural off-season to increase income and motivate them to still 
engage in agriculture (Agoot, 2018). A school has also been established 
called “School of Living Traditions” that teaches the culture of the Ifugao 
indigenous community and promotes the maintenance of the rice ter-
races to the younger generation (Dulnuan, 2014). 

To maintain the water supply, the status of the paddy fields should be 
prioritized. Afforestation starts with the permanent abandonment of 
paddy fields, hence maintaining the paddy fields prevents further in-
crease of forests, which will maintain the water supply. To maintain the 
paddy fields, the social problems stated before should first be addressed 
to prevent further abandonment. This implies that mitigating the social 
driving factors also help in mitigating the environmental driving factors. 
Maintaining the population of agricultural practitioners also maintains 
the area of low vegetation cover. 

The LGU should also take into account the trade-offs in ecosystem 
services brought by changing land cover. The decrease of paddy field 
and low vegetation covers and increase in forest cover brings an increase 
in other ecosystem services such as carbon sequestration and habitat 

quality (Yang et al., 2018). Analyzing the ecosystem trade-offs should 
also be done hand-in-hand with analyzing sustainability of the different 
aspects in the mountainous agricultural landscape such as economic, 
environmental, and social aspects. In the end, the local community 
should benefit with drafted policies as they are the ones interacting with 
the landscape. 

4.5. Advantages of the mapping and analysis frameworks 

As was implemented by Alencar et al., (2020), two rounds of image 
classification were implemented. The first round used training samples 
extracted from image interpretation to create land cover classification 
images from Random Forest models. The second round of classification 
used recurring land cover types from the initial classified images to train 
a second batch of Random Forest models. Applying a second classifi-
cation model where the training points were extracted from recurring 
land cover locations provided more training samples which provided 
more spectral signatures for training the Random Forest models. This 
procedure produced more accurate land cover maps which made the 
land cover transition analysis reliable. 

The developed framework for analyzing paddy dynamics provided 
an in-depth analysis of the spatio-temporal patterns of fallowing and 
recultivation in paddy fields based on land cover maps. The approach for 
analyzing paddy field dynamics was able to uncover periodic dynamics 
of permanent abandonment, fallowing, first-time cultivations, and 
recultivation. This analytical framework can be applied not only in 
mountainous agricultural landscapes but also in agricultural lands in 
general where dynamics of cultivation need to be monitored. These data 
provide a more detailed view on farmer actions and how cultivation 
patterns can cause changes in land cover. In the future, these data on 
farmer actions can be related with social and environmental factors to 
determine the drivers for these cultivation patterns. 

5. Conclusion 

Due to modifications by local people and challenges from global-
ization, mountainous agricultural landscapes tend to undergo frequent 
land cover changes which includes agricultural abandonment and 
afforestation. Hence, it is important that transitions in land cover and 

Fig. 10. Overview of the land cover processes occurring in the mountainous agricultural landscape. Land cover processes are either regular transitions caused by 
traditional practices and long-term changes caused by driving forces. The driving forces and the resulting impacts form a feedback loop that will continue to decrease 
the area of paddy fields and low vegetation, and increase the area of forests (modified from Soriano & Herath, 2018). 
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dynamics of paddy fields are analyzed to draft information-based pol-
icies for the management and conservation of these cultural landscapes. 
The current study utilized the quick cloud-computing capability of 
Google Earth Engine to map five-year interval land cover maps in a 
mountainous agricultural landscape (Ifugao rice terraces, Philippines) 
from 1990 to 2020 then analyzed the land cover transitions and paddy 
field dynamics. Unlike in previous land cover change studies in moun-
tainous agricultural landscapes that observed the occurrence of affor-
estation due to abandonment of paddy fields, analysis of land cover 
transitions in this study revealed that paddy fields turning into forests 
typically undergo a two-step process of transitioning first into low 
vegetation before transitioning into forests. Transitions between low 
vegetation and forest was also observed to be regularly occurring at high 
rates, which may be attributed to the traditional practices of the local 
people such as tree-cutting and swidden farming. To the best of the 
author’s knowledge, this is the first study to observe temporal dynamics 
in paddy fields such as permanent abandonment, fallowing, first-time 
cultivation, and recultivation based on time-series land cover maps. 
This framework of analysis can be used for analyzing patterns of culti-
vation in agricultural landscapes to bring informed decisions on the 
management of these landscapes. Analysis on the long-term changes in 
the landscape showed that agricultural abandonment has been contin-
uously occurring in the landscape. Although government efforts have 
been successful in recultivating the paddy fields from 2000 to 2010, 
permanent abandonment have increased again after this period. It was 
also found that the abundance of low vegetation cover has a significant 
inverse relationship with subsequent permanent abandonment of paddy 
fields, which coincides with previous studies showing that decreasing 
water yield from afforestation contributes to the abandonment of paddy 
fields. Given the continuous abandonment of paddy fields in the land-
scape, planning of the conservation of the terraces should also consider 
the abundance of other vegetation cover types aside from existing social 
driving factors. In the future, analysis of the change in ecosystem ser-
vices due to the observed land cover transitions will aid in land use 
planning of the landscape. In-depth study of the driving factors for the 
observed paddy field dynamics is also worth investigating. Lastly, the 
mapping and analysis frameworks applied in this study can be utilized in 
future temporal land cover change analysis. The mapping framework 
that utilized two rounds of classification to generate more training 
samples can provide more coherent time-series land cover maps. 
Meanwhile, the analysis framework that explains the temporal dynamics 
of cultivation in agricultural lands can be used to elucidate farmer ac-
tions in relation to spatial drivers. 
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