
Heliyon 8 (2022) e09054

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Research article

Wetland monitoring technification for the Ecuadorian Andean region based 

on a multi-agent framework

Esteban Valencia a,∗, Iván Changoluisa a, Kevin Palma a, Patricio Cruz a, Deyanira Valencia e, 
Paul Ayala b, Victor Hidalgo a, Diego Quisi c, Nelson Jara c, Diana Puga d

a Escuela Politécnica Nacional, Department of Mechanical Engineering, Quito, Ecuador
b Universidad de las Fuerzas Armadas ESPE, Quito, Ecuador
c Universidad Politécnica Salesiana, Cuenca, Ecuador
d Tsinghua University-Thermal Sciences Laboratory, Beijing, China
e Cavound, Quito, Ecuador

A R T I C L E I N F O A B S T R A C T

Keywords:

High Andean wetlands
UAVs
Satellite
Monitoring
Image processing

Remote sensing using satellites and unmanned aerial vehicles (UAVs) has become an important tool for 
wetland delimitation and saturation assessment since they enable patterns identification and wetland saturation 
data collection in an agile and optimum way. However, their deployment and operative costs limit their 
implementation in harsh environments, such as the ones presented in the high Andean wetlands. In this context, 
this work presents a framework to monitor cost-effectively high Andean wetlands using a multi-agent approach 
based on: field testing, UAV orthomosaics, and satellite imagery. The method developed comprises two stages: 
i) definition of the monitoring agent (field testing, satellite, UAV) and ii) image processing. For these stages, 
semi-empirical and statistical models, which were developed in previous works are incorporated in an open-
source framework to tailor each monitoring approach accordingly to the seasonality of a representative Andean 
wetland. The application of the method and its results highlight the suitability of using visual spectrum low-cost 
remote sensing approach to compute wetlands saturation percentage. In addition, the methodology proposed 
allowed the development of a temporal monitoring scheme, where the viability of each monitoring agent is 
examined. In order to validate the method, field data and multispectral imagery were employed using as case of 
study the Pugllohuma wetland located in the Antisana Reserve. Thus, the main contribution of this work lies in 
establishing a technified monitoring framework for the Ecuadorian high Andean wetlands, which can be scaled 
up and extrapolated to other wetlands with similar harsh environmental conditions, helping to their management 
and protection policies decision-making.

1. Introduction

High Andean wetlands are amongst the most diverse ecosystem in 
the world since they provide vital services such as water supply, flow 
regulation, and carbon storage [1] [2]. Furthermore, they support a 
unique diversity of high mountain plants and an extensive camelid 
(Llama, alpaca, vicuña) pastoralism all over the region. They act as 
a water supply allowing the formation of Andean basins and hydro-
graphic systems, that flow towards the amazon basin and the Pacific 
and Caribbean shores; supplying fresh water to millions of inhabitants 
from the main cities of Central and South America [3]. These reasons 
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supported the declaration of high Andean wetlands, as strategic ecosys-
tems for the region [4]. Notwithstanding, these ecosystems are under 
great threat and vulnerability, due to the expansion of the agricultural 
frontier and climate change [5]. Several climate models have predicted 
that the warming rate in the lower troposphere will rise along with 
altitude, which means that high altitude ecosystems such as Andean 
Wetlands will be affected more than those at low elevation [6, 7].

In Ecuador, High Andean Wetlands play a key role in the ecolog-
ical balance and the lives of millions of people. For instance, Quito 
(capital city of Ecuador) with 3 million inhabitants requires paramo 
surface water for 85% of its supply (7.4 m3∕s), having Papallacta, Mi-
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cacocha catchment, and Rio Pita as main intakes, all of them located 
in the Andean cordillera between 3200 and 3900 MASL [8]. Andean 
wetland importance for the Ecuadorian water management and protec-
tion program has encouraged the development of wetland conservation 
and management practices by several environmental agencies, such as: 
FONAG (Water protection fund), EPMAPS (Metropolitan Public Company 
of Potable Water and Sanitation, Quito), and MAE (Environment Ministry 
of Ecuador). Those agencies are in charge of developing conservation 
and repairing strategies for affected wetlands, based on their regular 
state and periodical changes. Nevertheless, monitoring techniques are 
limited to field testing measurements and sporadic UAV deployment, 
this latter is mainly related to isolated site visual recognition. In-situ 
measurements through field testing are costly and applicable only for 
small areas, whereas UAV monitoring is not significantly useful without 
a proper remote monitoring scheme. Hence, the data that was recently 
obtained presents limited coverage with uncertain accuracy and low 
periodicity, which limits their use for the development of prospective 
models to enhance wetland protection and management protocols. As 
it is well known, wetlands monitoring is not an easy task, since they 
are large interconnected hydrological networks, that need to be contin-
uously and accurately monitored to support environmental policies.

1.1. Wetlands remote sensing platforms

To perform periodic wetlands monitoring, remote sensing has be-
come an essential tool, as it is shown in references [9] [10]. Over the 
years, remote sensing platforms have been successfully tested for this 
application, from satellites [11] to UAVs [12] [13] .However, every re-
mote sensing technique presents different constraints depending on the 
operating conditions, in the case of high altitude wetlands (Andean), 
there are many limitations for their implementation due to the cloudi-
ness, accessibility, and wind gusts of the region.

In the case of satellites, their main advantage is the coverage area, 
since an image can cover hundreds of thousands of square kilometers. 
Nevertheless, the resolution offered by open-access satellite imagery 
is limited for certain applications, such as species identification and 
precise wetland delimitation [14]. Although private satellites could pro-
vide high-resolution images, their acquisition cost is relatively high, 
limiting their application in the current methodology. Some related re-
search on this topic has been carried out using free satellite imagery 
(Landsat 8) in the central region of Ecuador for wetlands monitoring, 
where the images captured were processed through a CART algorithm 
to identify alterations of the pedogenesis of paramo soil [15]. Another 
study in the Andean region corresponds to the use of Landsat 7 images 
and supervised classification to classify snow, rock, grassland, and wet-
land, in order to set the distribution of animals in the region [16]. These 
two works are the only references dealing with monitoring through 
remote sensing in the Andean region and although they make a com-
prehensive case of the benefits of satellite imagery, the works lack a 
proper framework to set a periodical and accurate monitoring, which is 
needed for the development of conservation/preservation theories. In 
addition, the Coriolis acceleration of the equatorial region contributes 
to persistent cloudiness during the whole year, which limits the use of 
visual sensors and highlights the necessity of implementing other mon-
itoring agents, which can tackle the meteorological conditions of the 
region during the year.

The suitability of UAVs for wetland monitoring has been docu-
mented by several studies, [17, 18, 19, 20] concluding that, UAV 
imagery acquired can significantly enhance wetland delineation and 
classification [21]. Fixed-wing UAVs offer similar endurance rates com-
pared to manned aircraft, due to the lift provided by the aerodynamic 
surfaces, which multi-copters lack and limit their autonomy. The in-
creased endurance and payload capacity offered by fixed-wing UAVs 
results in a larger area covered per flight, providing ultra-high reso-
lution imagery. Besides, a high level of automation can be achieved 
at a low operational cost by using small electric UAVs. Notwithstand-

ing, as is shown in [22, 23], the harsh operating conditions in high 
Andean ecosystems, such as low temperatures, strong wind gusts, and 
low air density; must be considered, when tailoring a commercial UAV 
for wetland monitoring. For instance, strong wind-gusts affect maneu-
verability and stability, reducing endurance dramatically, as the UAV 
needs to drain more energy from the battery to keep the aircraft within 
the planned path. Similarly, at high altitude conditions, low air density, 
and low temperatures affect the aircraft propulsion system performance 
[24], shortening its endurance compared to missions at sea level.

1.2. Software and sensors

Remote sensors, either satellites or UAVs require to process the 
gathered images in specialized software. Therefore, it is important 
to consider this component when developing a low-cost monitoring 
scheme. Among the most popular commercial software alternatives are 
Pix4Dmapper, Agisoft Metashape, and DroneDeploy. They are user-
friendly software and include extra features to manage multispectral 
data. Yet, they are often restricted by expensive licenses and require 
high-performance hardware to be executed properly [25, 26]. Although 
several open-source alternatives are available including MicMac [27], 
VisualSFM [28], Python Photogrammetry Toolbox [29], and Open 
Drone Map [30], these are not complete solutions and a high level of 
expertise is required for their use. Another crucial component to con-
sider for remote sensing applications is the cost associated with the 
camera type used as the payload. The cost of these cameras depends 
on their features, resolution, number of sensors, among others. For in-
stance, when comparing multispectral cameras with the common visual 
spectrum (RGB) cameras, the maintenance and operation expenses in-
crease the cost of multispectral imagery by a factor of ten compared 
to its RGB counterpart [23], making its continuous deployment almost 
prohibitive for the current application. These aspects have encouraged 
many institutions to develop their own image processing platforms tai-
lored for RGB images [31, 32, 33].

It is important to notice that many of the aforementioned studies 
focus on high-income countries, which can afford expensive operating 
costs for periodic monitoring. This is not the case for developing coun-
tries, such as those located in the Andean cordillera, where the lack 
of funding for environmental initiatives, limits the implementation of 
many of the aforesaid technologies for wetland monitoring [34]. Thus, 
in the last decade, the development of a low-cost multi-agent moni-
toring system for wetland assessment has become a research priority, 
since this will support the decision-making process for the preservation, 
restoration, and conservation of these unique ecosystems.

2. Methodology

Based on the requirement for a multi-agent wetland monitoring 
methodology to enhance current techniques of conservation and man-
agement, this work develops a framework for optimal use of remote 
sensing platforms and their related products. For this purpose, the 
method developed in this work focuses on wetland periodic monitor-
ing, by using photogrammetry techniques and RGB image processing 
algorithms, in order to enable accurate and low-cost monitoring.

2.1. Case of study - Pugllohuma paramo wetland

The Wetland considered as a case of study is part of the Antisana 
Water Conservation Area (ACHA), an important wetland complex in 
the Andean paramo. Fig. 1 shows the wetland location (43 km south-
east of Quito), which covers a total of 22 hectares at an altitude of 4100 
MASL. The selected wetland is known as Pugllohuma and has been 
the subject of several studies due to its relevance for the water sup-
ply to the capital city. Since 2016, FONAG acquired the wetland and 
the adjacent territories for testing and monitoring several restoration 
techniques. They have installed 18 hydrological wells to measure the 
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Fig. 1. Study area, Pugllohuma wetland location.

Table 1. Climatic conditions in the study area.

Parameter Value Observations
Average Temperature 5 ◦C Lowest Record: -6 ◦C /Highest Record: 15 ◦C

Relative Humidity >86% Average annual value

Wind Gusts Speed >12,20 m/s Average maximum values

Precipitation >1600 mm Annual value

phreatic level and to assess remediation techniques [17, 35, 36] poten-
tial for restoration of different coverages, such as herbaceous paramo, 
pads and scrubland. The historical data and representative thermody-
namic conditions compared with other high Andean wetlands, made the 
Pugllohuma wetland the best option for the case of study to validate the 
current methodology. In addition, the complex operating conditions in 
this zone in terms of rain and wind gusts allowed to test the UAV tai-
loring for similar harsh conditions, which is ultimately useful to assess 
techno-economically the feasibility of UAVs in the multi-agent frame-
work.

The seasonality of the Pugllohuma wetland is characterized by pe-
riods of long duration and low-intensity rainfall distributed throughout 
the year. Based on the historical reports from the National Institute of 
Meteorology and Hydrology (INAMHI) [37], the periods from March to 
June are the months with the highest rates of rainfall, lowest tempera-
tures, and strongest wind gust [37, 38]. Table 1 summarizes the most 
relevant features regarding the weather conditions in the study area.

2.2. Multi-agent monitoring framework

The proposed framework is based on three monitoring agents: field 
testing, satellite platforms, and UAV imagery. Fig. 2 depicts the multi-
agent approach implemented for the data gathering and post-processing 
phase. In this framework, two main tasks required for wetland assess-
ment are defined: monitoring and identification. The first one refers 
to periodical measurements to assess the physical processes that take 
place, and the second task focuses on defining its boundaries by using 
digital mapping and image post-processing algorithms. The diagram is 
structured using periodicity and temporal axes, which distribute the 
agents accordingly to their usability. The periodicity axis refers to the 
expected temporal monitoring for each agent, while the accuracy level 
is related to the spatial resolution of the products obtained. The specific 
features for each agent are described in the next sections.

2.2.1. Satellite platforms

Although private satellites could provide high to ultra-high-resolu-
tion images, their acquisition cost is relatively high. In order to compare 

Table 2. Sentinel-2A and Planet Scope Scene-4 features 
and price comparison.

Platform Sentinel - 2A Planet Scope Scene-4

Access Free Private

RGB Resolution 10 m 3 m

Bands 13 4

Pixel depth 16 bit RAW 16 bit RAW

Coverage area 10,000 km2 250 km2

Processed level 2A 3A

Price 0.00 USD 600.00 USD

the quality and cost of both alternatives, a Free-access (Sentinel-2A S-
2A) and a private platform (Planet Scope Scene-4 PSS-4) are selected in 
this work. The RGB orthomosaic and the NDWI index map are obtained 
for both satellites through the image processing software. Table 2, com-
pares the features and prices for both satellites.

2.2.2. UAV platform

Since the performance capabilities of the UAV define various moni-
toring aspects, such as maximum area of coverage, image resolution, 
operating costs and initial inversion; parametric and semi-empirical 
tools for aircraft design and mission deployment are included in the 
remote monitoring framework. The implementation of these modules 
in the proposed methodology enables to tailor the UAV features to the 
demanded mission, some of the systems that can be sized with the 
aforesaid aircraft design tools are propulsion, energy system, aerody-
namics, and telecommunications. In this way, the UAV can be optimized 
for higher endurance and better performance at low temperatures and 
strong wind-gusts [39].

Regarding the payload of the UAV, an RGB camera was selected 
as the main payload sensor. This strategy is less time-consuming and 
constitutes a cost-effective approach. In addition, for the purpose of 
validation, an index-based analysis using a five-band multispectral cam-
era is used as a payload for the same UAV. In this sense, the 20.1 MP 
RGB Sony camera with an APS-C sensor and the five bands MicaSense 
RedEdge-MX multispectral camera were selected for this study. Table 3
shows a brief comparison between the two sensors.

3
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Fig. 2. Wetland assessment through multi-agent monitoring methodology.
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Table 3. Comparison between the RGB camera and the multispectral sensor.

Sensor Sony UMC-R10C Micasense RedEdge-MX
Spectral bands 3 (Blue, Green, Red,) 5 (Blue, Green, Red, Red edge, NIR)

Weight 266 g 231.9 g

Resolution GSD 2.5 cm/ pixel (120 m AGL) 8 cm/ pixel (120 m AGL)

Focal length of lens 20 mm 5.4 mm

Geo-reference system PPK compatible DLS 2.0

Image resolution 5456 * 3632 pixels 1280 * 960 pixels

Megapixels 20.1 MP 1.2MP

Cost 1,499.00 USD 5699.00 USD

Fig. 3. Categorization of applications based on spectral bands for RGB and multispectral payloads.

As observed in Table 3, the weight of both sensors is approximately 
the same, however, the focal length of the lenses and image resolu-
tion of each camera differ, which affects directly the mission planning 
phase. The flight plan is designed according to the GSD, overlap, sidelap 
requirements for the post-processing phase, and the expected mission 
endurance. In the case of the RGB Sony camera, as its image resolution 
is higher than the Micasense camera, it is possible to operate at higher 
altitudes. This latter allows a shorter flight time and a more extensive 
coverage area per flight, leading to lower operation costs. On the other 
hand, as the Micasense image resolution is lower, its flight height is 
limited by the ground resolution required in the post-processing phase, 
demanding more flights for the same monitoring area. Regarding the 
sidelap and overlap ranges expected, they must be the same for both 
cameras (60% to 80% recommended). Once the mission flights are per-
formed, the method continues with the image processing phase, which 
is further described in the section below.

2.3. Image processing

Once the RGB orthomosaic is obtained from the UAV, the map is pro-
cessed through an image segmentation model to identify wetland areas. 
The algorithms implemented in Python enable, the segmentation of the 
survey area in two parts: i) contour area (partially dry) and ii) wetland 
area (flooded or moist). Pixels corresponding to the boundary show ar-
eas with low moisture content such as the wetland boundaries elevated 
surfaces and altered or destructed spots. Whereas, pixels corresponding 
to the wetland show areas with higher water content, such as flat sur-
faces and main drains. Nevertheless, there are excluded pixels, which 
do not correspond to any of the segmentation areas. The excluded pix-
els number is accounted for in the algorithm and has to be below the 
5% of the total pixels to reduce data loss. The presented model employs 
the HSV color range to categorize and segment properly [40]. In this 
way, Fig. 3 shows analysis applications for each tool implemented. As 

observed, wetland saturation and topography analysis can be achieved 
by RGB images through post-processing techniques like image segmen-
tation [40] or object-based image analysis [41].

In order to validate the aforementioned algorithm, the multispectral 
sensor is used to assess the NIR band of the NDWI index for surface 
water characterization.

2.3.1. Field testing

The in-situ survey is essential to obtain the baseline parameters of 
the aircraft layout and to provide validation data for the products of the 
remote sensing platforms. Regarding the data requirements to validate 
the remote sensing products, this methodology considers a digital ele-
vation model (DEM) of the phreatic level of the wetland. The DEM is 
built up through the measurements taken in 18 hydrological wells in-
stalled in the survey area. The water table model is correlated with an 
image processing code developed in Python to define wetland satura-
tion areas, using RGB segmentation and categorization indirectly.

3. Results and discussion

This section presents the results from implementing the three afore-
mentioned monitoring agents in the area of interest ACHA. Then all 
the techniques are blended to describe the multi-agent temporal frame-
work for wetland assessment. Firstly, the satellite imagery is processed 
and used for the assessment of wetlands, then the UAV layout was tai-
lored for the operating environment, as well as the image acquisition 
processes. Afterward, multispectral imagery from UAVs and the satel-
lite was captured to validate the image processing algorithm and assess 
their suitability for wetland assessment. Lastly, the field data (phreatic 
level) was correlated with the maps obtained previously from the seg-
mentation model, topographic analysis and multispectral imagery. The 
results from each approach are further described in the following sec-
tions.
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Fig. 4. Satellite imagery products.

3.1. Satellite imagery

Regarding the satellite imagery, the selected platforms were Sentinel 
2-A (10 m spatial resolution) and Planet Scope Scene-4 (3 m spatial 
resolution), their features were previously described in Table 2.

Both satellites are implemented with multispectral sensors. The 
satellite images shown in Figs. 4b and 4d depict the private and open 
access RGB mosaics obtained through Planet Scope Scene-4 (PSS4) Plat-
form and Sentinel-2A (S2A) platform respectively. Both images were 
captured on February 16th, 2019; since this date presented the lowest 
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Fig. 5. Mission planning parameters compared with different visual sensors.

percentage of cloud coverage for the entire year, approximately <38% 
in both cases. It is worth to mention, that it was not possible to verify 
or identify altered spots or water-saturated areas through the RGB mo-
saics, due to the low resolution of the images. In order to observe the 
suitability of using multispectral imagery from satellites, it was config-
ured a similar analysis to the aforementioned through the use of the 
NDWI spectral index. Figs. 4c and 4e show the NDWI maps from the 
PSS4 Platform and S2A platform respectively. In both cases, the NDWI 
index highlighted the center of the wetland, denoting the lowest val-
ues, which represent the wet vegetation. These products present similar 
results to the NDWI map, previously obtained from the UAV mission; 
the difference lies in their resolutions, which for the case of satellites 
do not allow to visualize the open water areas or affected zones. Nev-
ertheless, in the case of larger wetland complexes with greater open 
water areas, this could be feasible, as the obtained resolution could 
help in the identification of main trends regarding the state of wet-
lands.

3.2. UAV layout and mission deployment

The aircraft layout was developed using the operating conditions of 
the Pugllohuma wetland and the two payloads (RGB and multispectral 
camera). In this sense, an electrical fixed-wing drone was tailored to op-
erate at high Andean wetland conditions using in-house aircraft design 
tools [17, 22], which enabled to determine: endurance, propulsion type, 
power supply, and airframe configuration. As a result, the UAV compo-
nents were selected to achieve an endurance of 40 minutes at 4000 
MASL, which were considered optimum for the harsh conditions of the 
zone (16 m/s wind gusts). The flight path was designed in the open soft-
ware “Mission planner” [42], which enables autonomous flight mission 
design through waypoints for a predefined area [17]. Each mission re-
quires to set the overlap, sidelap, flight speed and flight height, which 
for the present case were set depending on the type of camera (RGB or 
Multispectral). Fig. 5 shows the dependency of flight height, flight time, 
and ground resolution for the two payloads employed. As observed, the 
mission time for the same coverage area reduces when the flight alti-
tude increases, at the same time, as the flight altitude increases, the GSD 
decreases (lower image resolution). From the results can be seen that 
25% of additional autonomy can be obtained when using RGB sensors 
for the same GSD, this parameter is vital, as longer autonomy reduces 
the number of missions required and hence operating costs.

Based on the data from flight logs of test flights the different settings 
for the mission are tuned. Then the mission carrying the payload is de-
ployed. From this verification, the mission is carried out for 40 minutes 

at a height of 80 m above ground level, which delivers images with a 
ground resolution of 6 cm/pixel, an overlap of 80% and a sidelap of 
70%.

3.2.1. RGB post-processed image with in-house code

As described in Section 1, a significant milestone in the development 
of remote sensing in the Andean region is the capability of assessing 
wetland saturation with RGB sensors to reduce operational costs. For 
this aim an RGB image in-house Python algorithm [23] was applied 
to segment pixels through an HSV color model to define saturated and 
non-saturated zones. In Fig. 6 is observed both zones, where the non-
saturated areas represent: boundaries of the wetland, altered spots, and 
wetland zones with higher altitudes. The saturated zones are located in 
the northeast part, which is adjacent to the main natural drainage ar-
eas. As observed in this figure the proposed image processing algorithm 
predicted a 36% saturated area with a 3% loss of pixels. This mini-
mal loss of information and accurate definition of the saturated area 
highlights the potential opportunities of in-house codes for reducing 
operating costs for remote sensing activities.

3.2.2. Topographic analysis

In order to validate the RGB image processing algorithm and ver-
ify multispectral indices and field data, a micro-topographic analysis of 
the survey area was carried out. For this evaluation, four maps were 
developed. i) The digital surface model (DSM), Fig. 7a, depicts differ-
ent altitudes within the terrain, obtaining an average height of 4117 
MASL, and a maximum and a minimum altitude of 4130 MASL and 
4096 MASL, respectively. ii) The contour lines in the map, Fig. 7b, were 
established every 2 meters in order to determine zones with low alti-
tude gradients such as the areas covered between heights of 4112 m 
and 4118 m, which allowed to identify zones with higher capacity of 
water accumulation. iii) The wetland slope map, Fig. 7c, allows visual-
izing different slopes in a 2D model, and characterizing the terrain as a 
quasi flat surface [43] since the average slope of the wetland is 4,07◦. 
iv) The wetland aspect map, Fig. 7d, shows slopes directions and how 
surface runoff points towards the center of the wetland. In this context, 
the north-center zone of the wetland is characterized by a quasi-flat sur-
face with a low altitude gradient and a high capacity for water storage. 
As observed in this micro-topographic assessment, the main trends cap-
tured by the in-house segmentation model were corroborated, where 
the less saturated zone is located in the higher part of the Pugllohuma 
wetland.
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Fig. 6. Image segmentation applied to Pugllohuma wetland.

3.3. Multispectral analysis

The water index (NDWI) was calculated to establish baseline data for 
determining the accuracy of the proposed image processing methodol-
ogy [44]. The spatial resolution of 6,92 cm/pixel allows visualization of 
open water areas, as shown in Fig. 4a. However, the values of these fea-
tures are similar to those with dry vegetation or bare soil, as a result of 
high water turbidity values. Despite obtaining negative values for open 
water drainage, the vegetation near the drainage system presented the 
lowest values, which allowed to distinguish dry and wet areas. In this 
sense, open water areas and vegetation with the lowest NDWI values 
represent zones with higher water content. This result differs slightly 
from the in-house proposed methodology, which is within the expected 
range since multispectral imagery employs more spectral bands and al-
lows a more accurate delimitation of the wetlands.

3.4. Field data

The phreatic level evaluation is used to validate the different maps 
for wetland saturation assessment. In this way, the DEM extent of the 
phreatic level map is adjusted to the center of the wetland system as 
the peripheries present higher altitudes and all the piezometers are 
located inside this boundary. The measurements of the phreatic level 
were obtained in November 2019 from 18 piezometers installed on the 
study zone by FONAG. The phreatic level was calculated by the in-
terpolation method, Spline. This method presented the best results as 
it generated a smooth surface similar to the DSM of the wetland. In 
this context, the phreatic level parallel to or 20 cm below the terrain 
was overlapped with the 3D RGB model of the wetland to understand 
how the topography influences the water accumulation system (Sup-
plementary Fig. S1). The aforementioned figure corroborates what was 
obtained with the NDWI indices for the multispectral imagery, where 
water accumulates in the middle zone of the wetland. The areas which 
contain the highest saturation of water follow the main natural drainage 
of the wetland. In this sense, Fig. 4a is used to determine the saturated 
zone of the wetland. From these results, the saturated zone is computed, 
which represents 39,27%. The latter value is significantly similar to the 

predicted with the in-house image processing code (36%), however, 
the delimited wetland areas differ to some extent, which is expected as 
RGB sensors capture fewer spectral bands, constraining the precision to 
accurately define the wetland boundaries. Fig. 8, depicts the obtained 
water-saturated area.

3.5. Multi-agent periodical framework

In order to deal with the complex weather conditions of the high 
Andean region, a periodicity variable is included in the analysis. The 
temporal framework settles the most suitable operating periods for each 
monitoring agent according to the seasonality and the different cli-
matic features of the survey area (Supplementary Fig. S2), which is 
representative for the high Andean paramo wetlands. This multi-agent 
framework is pioneer for this region, due to the complex accessibil-
ity and limitations to deploy the different remote sensing techniques, 
as was previously highlighted. This first framework has used historical 
data from nearby meteorological stations, nevertheless part of the fu-
ture work lies on refining the time-frames for each of the monitoring 
techniques by employing the current method for longer testing periods.

In the case of satellite platforms, the usefulness of the imagery 
obtained over the high Andean region depends largely on the cloudi-
ness of the region. Therefore, during rainy months, which are usually 
very cloudy the imagery obtained will not be useful, as a lot of post-
processing work is needed to remove cloud disturbances, which then 
contributes to image loss of information. In contrast, during the dry 
months, from July to October, the suitable periods for monitoring are 
longer since there is less cloud coverage.

For the UAV agent, suitable periods for data gathering are Septem-
ber to October (dry periods). In contrast, during the rainy season, the 
suitable periods are shorter and during March they are null. However, 
from the experimental flights, it is observed that UAVs can fly with 
moderate rain, which increases the potential use of these devices for 
longer monitoring periods. Nevertheless, due to the strong wind-gust in 
June and August, UAV deployment can be somehow limited to certain 
times during the day for monitoring. In the months of January and May, 
the wind levels are within the UAV’s capacities, and when precipitation 
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Fig. 7. Topographic variables, Pugllohuma Wetland.

Fig. 8. Wetland saturation area.
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rates are moderated, they can also be deployed to gather data. Since, the 
operational costs for UAVs increase during the rainy and windy periods 
(lower UAV autonomy and waterproofing needed), it has been defined 
that the optimum periodicity for this platform during the rainy months 
should be limited to one sample per month, which is enough based on 
the current periodicity of data collection (phreatic measurements in-situ 
collected).

To summarize, the products with the different monitoring agents 
provide an useful insight into the suitability of the method proposed for 
a technified monitoring of high Andean wetlands (Supplementary Fig. 
S3 depicts the comparison of the three monitoring agents). Since the pe-
riodicity of the data depends on the monitoring timeframe, the method 
presented has been tested for open collaboration with the community 
by creating the website platform HUMEGIS [45], where orthomosaics
can be uploaded to the platform, for computing wetland saturation. In 
this way, the scalability of the model has been evaluated and has been 
highlighted its potential contribution for management and protection of 
wetland ecosystems (media and technological magazines have covered 
its potential benefits for hydric reservoir protection [46]). Finally, it is 
important to mention that at this stage the study focus on the develop-
ment of the monitoring framework, and hence part of the future work 
is its refinements and implementation for longer time-frames, where 
theories relevant to conservation and management of wetlands can be 
developed.

4. Conclusion

A multi-agent temporal framework based on the integral use of re-
mote sensors (satellite and UAVs) and field measurements has been 
developed and validated against experimental measurements (phreatic 
level model), topographic analysis, and multispectral indices, using the 
Pugllohuma wetland as a case of study. The monitoring scheme pro-
posed implements an in-house image processing algorithm based on 
HSV for classifying and segmenting RGB visual imagery with a ground 
resolution of 6 cm/pixel (overlap of 80% and sidelap of 70%), which re-
duces importantly operating costs and offers a variety of possibilities for 
extrapolating the method to other high Andean wetlands. In addition, 
the potential of the method for periodical measurements offers impor-
tant synergies with the efforts of wetland conservationist agencies and 
hydric resources management organizations.

From the validation process, it was found, that the method proposed 
differed by 4% in the definition of saturated areas when compared with 
multispectral and in-situ measurements, which is very promising and 
opens the possibility of its implementation for other similar wetlands. In 
this regard, the website platform HUMEGIS has been built to scale this 
initiative and enable open collaboration between different stakeholders, 
to increase the database of processed orthomosaics offering GIS layered 
maps to facilitate wetland management.

Finally, a periodic framework based on meteorological data from the 
region has been developed to evaluate which monitoring agent is ade-
quate based on seasonality during the year. For the UAV, the suitable 
periods for the data are restricted by the precipitation and the wind 
speed which affect its operability, the most suitable months for its im-
plementation are September to October, with short periods of use in 
December, February, April and July. For the case of the satellite agent, 
the most suitable timeframe is between July to September, with short 
periods of use during the months of December, February and April. 
Nevertheless, the main limitation of this latter agent is the low resolu-
tion of the imagery which can compromise certain types of analysis for 
wetland characterization. Regarding the temporal framework, it is im-
portant to highlight that the novelty of the method proposed limits the 
historical data available and hence constrains its accuracy. To tackle 
this, it is planned to gather more data related to the agents´ operation 
in the Pugllohuma region, so the algorithms can be calibrated properly 
enhancing the temporal framework model prediction.

5. Future work

At this stage, this work focused on developing a multi-agent moni-
toring framework suitable for wetland periodical data gathering, hence 
this work does not encompass the environmental theories required for 
their conservation/preservation. Thus part of the future work is related 
to implementing the validated methodology presented in this work to 
enhance wetland conservation practices. In addition, it is expected that 
the data acquired through this method will enable faster supervised 
and unsupervised classification of different ecosystems in the region. 
Furthermore, the collection of more data will help to enhance current 
models accuracy and improve the training of deep learning techniques 
to easy technified monitoring implementation for other wetlands.

Another aspect that is expected to be explored is the suitability of 
uncommon spectral indices for wetland monitoring to enhance their 
health assessment and delimitation.
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