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Chapter 6 
Participatory Monitoring of the Impact  

of Watershed Interventions in  
the Tropical Andes

Boris F. Ochoa-Tocachi,1,* Wouter Buytaert2 and Bert De Bièvre3

Introduction
This chapter documents the efforts of building the Regional Initiative 
for Hydrological Monitoring of Andean Ecosystems (iMHEA). First, we 
explain the background and motivations that led to the formation of a 
diverse consortium of institutions with a joint interest. Then we present 
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the methodological approach that the monitoring network has adopted. 
Lastly, we discuss in brief the main results, the most relevant milestones and 
breakthroughs, and the major challenges remaining and perspectives in the 
scientific, technological and social domains. We argue that the correct use 
of the generated knowledge, from community level to national governance 
entities, proves crucial to increase catchment intervention efficiency and 
improve water resources management.

The tropical Andes are hotspots for ecosystem services provision 
and environmental change. The naturally high diversity of geographical 
and climatic characteristics results in equally variable and non-stationary 
hydrometeorological features (Vuille et al., 2000). These characteristics are 
closely related to the large portfolio of ecosystem services, especially in 
terms of the scale and variability of the discharge of rivers that support up- 
and downstream livelihoods. However, this region suffers from extensive 
data scarcity and an acute lack of understanding on how to leverage 
ecosystem services to support human development (Célleri and Feyen, 
2009; Balvanera et al., 2012). One of the reasons for this is that the official 
national monitoring networks do not have an ecosystem assessment focus, 
and tend not to cover remote headwater areas (Célleri et al., 2010; Buytaert 
et al., 2016), and therefore are not ideal to study the nature, distribution 
and evolution of ecosystem services. These issues, in combination with 
rapid changes in land use and climate, as well as increasing population 
and water demand, put severe pressure on water resources (Buytaert and 
De Bièvre, 2012).

Changes in land use and land cover, which are driven by anthropogenic 
pressure from local users and by increasingly intensive watershed 
management, have a large impact on hydrology and ecosystem services. 
In the last decades, local research has delivered relevant knowledge about 
the natural hydrological regime of Andean catchments and the impacts 
of several human activities that are commonly detrimental to water yield 
and hydrological regulation, e.g., Luteyn (1992), Inbar and Llerena (2000; 
2004), Díaz and Paz (2002), Hofstede (2002), Bruijnzeel (2004), Farley et al. 
(2004), Buytaert et al. (2002; 2004; 2005; 2006a; 2006b; 2007), Célleri et al. 
(2007), Favier et al. (2008), Quichimbo (2008), Tobón (2009), Crespo et al. 
(2010; 2011; 2012), Carlos et al. (2014), Córdova et al. (2015), Mosquera et al. 
(2015), Padrón et al. (2015), Ochoa-Tocachi et al. (2016a; 2016b). However, 
the effectiveness of different interventions in the region, be it in a context 
of ecosystem management, payment for ecosystem services, adaptation to 
climate change or investment in green infrastructure in watersheds, is far 
off from being thoroughly assessed or even fully understood. For instance, 
many catchment conservation strategies and common restoration efforts, 
such as re- or afforestation, have not been evaluated properly for their 
hydrological benefits and are often based on a very limited local evidence 
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base. Additionally, those which consider the necessity of generating new 
knowledge about the natural environment, such as several climate change 
adaptation initiatives in mountain areas, are responding to information gaps 
by putting significant efforts in glacier monitoring. But the information gap 
for an effective watershed management in high-elevation and headwater 
areas persist, as such monitoring sites cannot capture the impact of 
interventions.

Emerging from a local awareness about the need for better information 
on ecosystem services, a partnership of academic and non-governmental 
institutions triggered the use of participatory hydrological monitoring 
to address this gap. In 2009, they formed the Regional Initiative for 
Hydrological Monitoring of Andean Ecosystems (iMHEA), which leverages 
the growing availability of inexpensive and robust sensor technology 
(Buytaert et al., 2014). The iMHEA network is a consortium of institutions 
interested in generating and strengthening the hydrological knowledge 
of Andean ecosystems to improve decision making on water resources 
management in this region. Increasing the knowledge of hydrology and 
meteorology in Andean catchments involves the implementation of new 
monitoring, in a way that ensures optimal complementarity with existing 
monitoring networks (Célleri et al., 2010). The iMHEA recognizes the role 
of water and environment authorities and of the offices of hydrology and 
meteorology as the rectors of water resources management in each country, 
and as a way to complement their efforts of data generation, they propose 
a bottom-up approach in which civil institutions can contribute with local 
scale and headwater monitoring.

The iMHEA network uses a design based on a ‘trading-space-for-
time approach’ (Célleri et al., 2010; Buytaert et al., 2014; Ochoa-Tocachi 
et al., 2016b) illustrated in Fig. 6.22. This concept relies on strengthening 
the statistical significance of an intervention signal by monitoring several 
catchments in a regional setting (Buytaert and Beven, 2009; 2011; Oudin et 
al., 2010; Singh et al., 2011; Sivapalan et al., 2011; Wagener and Montanari, 
2011). The increased number of monitoring sites also allows for a robust 
regionalization of the results by covering different ecosystems with diverse 
physiographic characteristics and contrasting land uses and degrees 
of conservation/alteration (Ochoa-Tocachi et al., 2016b). The proposal 
recommends the use of paired catchments, which allows comparisons on 
the short-term; however, single catchments can be monitored to analyze 
long-term changes using a baseline of several years to capture inter annual 
climatic variations and analyze non-stationarity.

In this way, the establishment of a ‘minimum’ hydrological monitoring 
in several sites is of a higher priority than implementing detailed 
monitoring in few locations. Such an indispensable monitoring consists of 
the measurement of rainfall and stream flow at high temporal resolution 
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and at micro-catchment scale. To maximize the usefulness of these data for 
national hydrometeorological offices and local partners, the selected sites 
are commonly located in areas with low density of stations. The generated 
data will potentially have different characteristics and quality, which is 
determined by the specific purposes of the local partner; however, the high-
spatial and short-temporal resolution of these data is highly compatible 
to the long-term and low-spatial density of national networks (Buytaert 
et al., 2016).

iMHEA aims to tackle data-scarcity in the Andean region by generating 
information using a participatory environmental monitoring framework. 
As such, iMHEA is not a formal network but is aimed mostly at promoting 
exchange of information and experience, and involves the movement of 
resources from different partners and funding sources. The good quality 
of the data is achieved through a partnership with research institutions 
(Célleri et al., 2010). Therefore, the entry threshold for local partners to the 
network is relatively low and accessible. The monitoring system includes an 
institutional agreement between local communities and users of water and 
land, local governments and institutions of development, research groups 
and universities, and monitoring networks at national and regional scales 
(Fig. 6.23). The engagement and experience of local users are critical for the 
success of monitoring activities, and the interaction between the several 

Fig. 6.22  Concept of space-for-time substitution. (a) Long-term monitoring allows to identify 
trends and changes in time when a perturbation has occurred. (b) Paired catchments reduce 
the monitoring length by adding a spatial variable to the analysis and comparing watersheds 
under contrasting conditions. (c) The replication of the perturbation in several sites or the 
consideration of different conditions in a monitoring network provides a robust framework 
in which to analyze impacts and facilitate the regionalization of results.
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different stakeholders is necessary to achieve long-term sustainability. The 
involvement of local universities and research groups working in the areas 
of influence guarantees scientific rigor and robustness in the generated data. 
This interaction between the general public and traditional scientists is often 
referred to as citizen science (Buytaert et al., 2014), and has a strong potential 
to tackle data-scarcity in remote regions, such as the tropical Andes.

Lastly, a key element of the philosophy of iMHEA is that “information 
that is not shared is useless”. Therefore, as a fundamental principle, the 
generated data and the derived knowledge is shared in common standards 
and at different levels. The information produced at a local scale can be 
used to draw regional conclusions about the hydrology of the Andes. This 
monitoring system aims to generate data at mid- and long-term to allow 
analyses of hydrological changes in time and consistent support of decision 
making. The iMHEA holds annually an Assembly of stakeholders to provide 
a space for reflection and action, as well as organizes international courses 
on Andean hydrology and hydrological monitoring for diverse audiences. 
Consequently, the newly generated information and knowledge can be 
useful and usable to achieve the objectives of water and land users, local 
partners, research groups and national institutions.

In this chapter, we present the methodological guidelines for a 
participatory hydrological monitoring of Andean ecosystems. The objectives 
of this hydrological monitoring system are to ensure that the observatories 
in each watershed will generate standardized data that can be used in 
future studies and assessments of ecosystem services. Such objectives 
are: (i) to increase the knowledge about hydrological ecosystem services 
in Andean watersheds, especially but not limited to water availability 
and hydrological regulation; and (b) to increase the knowledge about the 

Fig. 6.23  Institutional agreement in a participatory monitoring framework. The diverse 
partners in the network commit to different activities depending on their capacities and 
resources and obtain benefits for their own objectives and purposes.
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impacts of watershed interventions (i.e., changes in land use and land cover, 
adaptation measures, deforestation, afforestation, restoration, etc.). Once 
good base information about hydrological processes and their relations 
exists, different models can be calibrated adequately with these data to 
support extrapolation and regional analyses (Ochoa-Tocachi et al., 2016b).

Hydrological Monitoring Setup

Monitoring methodology
In order to support the technical aspects of setting up the monitoring 
and to maximize the compatibility and consistency of data produced by 
each location, a core team within iMHEA designed a detailed monitoring 
protocol (Fig. 6.24).
The minimum variables to be monitored are:

	 •	 Catchment physiographic characteristics.
	 •	 Rainfall inside the catchment.
	 •	 Stream flow at the outlet of the catchment.

With this information, a simple water balance equation can be used to 
estimate the total amount of water consumed by vegetation, evaporated 
from free water surfaces, infiltrated to the deeper soil strata and stored 
in the soils. The length of monitoring (at least one hydrological year) 
and the impermeable rocks generally found beneath the soils of Andean 
catchments (Buytaert et al., 2007), allows the assumption of equilibrium 
in the sub surface storage volumes. Therefore, the difference between 
rainfall and stream flow can be considered as a good approximation of the 
evapotranspiration in the catchment.

However, such assumption may not necessarily be true in all cases. 
Deep permeable soils may occur in some regions sustaining large aquifers 
(Buytaert et al., 2006b; Favier et al., 2008). Therefore, a careful selection of 
the catchments, ideally with the assessment of an experienced hydrologist, 
would help minimize potential issues due to the simplification of the water 
balance or to monitor those elements that influence greatly on such balance 
(Fig. 6.25(a)).

At the same time, this protocol recommends the monitoring of the 
hydrological variables using automatic electronic equipment supported by 
manual measurements. It has been observed that automatic measurements 
are more cost-effective than manual measurements (Célleri et al., 2010; 
Buytaert et al., 2014). Nevertheless, electronic equipment is also prone to 
failure or decalibration, in which cases the use of manual measurements 
guarantees a correct quality control and validation of the generated 
information.
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Physiographic Catchment Characteristics
The main physical catchment attributes must be surveyed at the beginning 
of the monitoring project. The outlet of the catchment is defined at the point 
where the flow gauging station will be located. The key physiographic 
characteristics are: (i) those necessary to understand the functioning of the 
catchment (e.g., area, elevations, slopes, soils); and (ii) those necessary to 
compare with other catchments (e.g., land use and land cover, watershed 
interventions, special features). Generally, this characterization is done 
thoroughly once at the beginning of the project, due to the slow rate of 

Fig. 6.24  Flowchart of procedure steps for the evaluation of watershed interventions. These 
steps are explained in detail in the monitoring protocol.
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Fig. 6.25. Pictures of equipment and catchments in the iMHEA network: (a) Selection of 
monitoring catchments in Tambobamba, Peru, by a group of hydrologists, local partners and 
users of land and water. Photo: Boris Ochoa-Tocachi, 2011. (b) Example of a tipping bucket 
rain gauge with a resolution of 0.2 mm installed in Lloa, Ecuador. Photo: BOT, 2014. (c) Local 
partners of iMHEA installing a rain gauge in Piura, Peru. The rain gauge accuracy is revised 
using static and dynamic calibration methods on a regular basis. Photo: BOT, 2012. (d) A weir 
located at the outlet of an iMHEA catchment in Ica, Peru. The V-shaped section of the weir 
allows an accurate monitoring of low flows. Photo: Junior Gil-Rios, 2015. (e) A weir located 
at the outlet of an iMHEA catchment in Huaraz, Peru. The composite triangular-rectangular 
section allows the monitoring of high flows. Photo: JGR, 2014. (f) A weather station is located 
at a central location between the iMHEA catchments in Lloa, Ecuador. The monitoring of 
several climatic variables, in this case temperature, relative humidity, solar radiation, wind 
velocity and direction and rainfall, allows for a more accurate calculation of evapotranspiration. 
Photo: BOT, 2014. (g) Example of a tipping bucket rain gauge in Lloa, Ecuador, with some litter 
retained in the filter. Photo: BOT, 2014. (h) Hydrological monitoring of two catchments under 
different levels of conservation/alteration in Cochabamba, Bolivia. A local farmer contrasts 
visually (left) a highly degraded catchment produced by cultivation and overgrazing, against 
(right) a relatively conserved catchment situated closely to the former. In what we refer to as 
the ‘Placebo iMHEA effect’, local users recognize the relevance of monitoring impacts, even 
before seeing any data. This has supported the implementation of new monitoring sites and 
the implementation of water conservations practices more smoothly. Photos: Luis Acosta, 
2012. (i) Highly seasonal catchment in Tambobamba, Peru. In puna, the landscape is markedly 
different during the (left) dry season and the (right) rain season. Photos: BOT, 2012, 2013. (j) 
An International Course on Andean Hydrology and Hydrological Monitoring organized by 
Nature and Culture International, CONDESAN, the University of Piura, Peru, and iMHEA 
in Piura in 2013. Photo: BOT, 2013. (k) A group of farmers in a meeting with local decision 
makers and hydrologists from iMHEA in Pacaipampa, Peru. Photo: BOT, 2012.
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change in such parameters, but it can be updated periodically if necessary 
(e.g., annually).
The main characteristics are:

	 •	 Catchment area and shape (indicating the calculation method, for 
instance, using a topographical map at 1:10,000 scale or GPS surveying).

	 •	 Elevation map, maximum and minimum points (location of the flow 
gauging station).

	 •	 Average catchment and riverbed slopes (indicating the calculation 
method).

	 •	 Initial characterization of land use and land cover (indicating the areal 
percentage of land cover, the land uses identified in the catchment, and 
the identification method).

	 •	 Soils and geology maps and characteristics (especially soil hydro-
physics).

	 •	 Special features that can influence in the occurring hydrological 
processes (e.g., permeable bedrocks), or in other hydrological 
ecosystem services (e.g., important sediment transport and deposition 
due to the presence of roads).

This information can be organized using a standard iMHEA Inventory 
Form for each monitored catchment. A map of the catchment(s) at an 
appropriate scale must contain these elements, including the location of 
any equipment, monitoring points and operational routes.

Monitoring of Precipitation
Rainfall is the main component of precipitation in Andean catchments 
(Padrón et al., 2015), and is monitored using electronic tipping bucket 
rain gauges (Fig. 6.25(b)) and validated with manual measurements 
using a pluviometer. The rain gauges must have a resolution of at least  
0.254 mm (0.1 in), but typically 0.2 mm and ideally 0.1 mm. Each rain gauge 
provides event rainfall data (time to tip), which is then aggregated at fixed 
time intervals depending on the posterior analysis. Such aggregation can 
be done simply by counting the number of tips during a time period or 
using linear interpolation (Ciach, 2003) or other techniques, for instance, 
a composite cubic spline interpolation on the cumulative rainfall curve 
(Sadler and Brusscher, 1989; Wang et al., 2008).

A correct measurement of precipitation, which implies regional 
representativeness, is conditioned by several factors such as reducing 
wind effects (World Meteorological Organization, 2012). The location of 
rain gauges must be chosen in such a way that wind velocity at the flume 
is as low as possible. When possible, both the rain gauge and the manual 
pluviometer should be protected against wind effects in all directions using 
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natural or artificial elements but located at a distance of at least twice the 
height of such elements to avoid rainfall interception. Additionally, the rain 
gauge must be leveled and installed at a standard height of 1.50 m above 
the ground (Fig. 6.25(c)).

The manual pluviometer must have a ruler with minimum graduations 
of 0.2 or 0.1 mm (i.e., the same as the automatic rain gauge resolution). To 
ensure accurate measurements, the maximum error of such graduations 
must not exceed ± 0.05%. In areas with snowfall occurrence, the equipment 
must be located above the maximum expected snow height accumulation 
in the ground. Additionally, an antifreeze substance must be used to melt 
ice and snow falling in the pluviometer without exceeding one third of 
its total capacity. On the other hand, to avoid evaporative losses from the 
pluviometer, the equipment must minimize heat absorption (e.g., using 
clear colors that reflect most on the incident sunlight), and could use a thin 
layer of oil (≈ 8 mm) to prevent evaporation.

Monitoring of Stream Flow
Discharge is usually estimated as a function of water level at a gauging 
station, which has the function to facilitate the generation of continuous 
and systematic measurements to calibrate a stage-discharge curve (World 
Meteorological Organization, 2008). The water level is monitored using 
automatic electronic sensors, mainly pressure transducers and ultrasonic 
devices, and validated with manual observations. The gauging station 
must feature a control section (e.g., a weir or a stable river section) with 
known geometric characteristics unchanged over time, and able to contain 
the total discharge at the outlet of the catchment (Fig. 6.25(d)). The manual 
observations must be obtained using a ruler with graduations of 1 mm.

In mountain streams with moderate flows, such as those in Andean 
catchments, the discharge can be monitored using a sharp-crested weir 
equipped with automatic pressure transducers. The composite weir would 
feature a V-shaped section for low flows and a triangular-rectangular section 
for high flows (Fig. 6.25(e)). In lowland streams with sustained high flows 
and important sediment transport, such as those in Andean-Amazonian 
catchments, a weir is not recommended. After an appropriate hydrological 
assessment, the gauging station can be placed in a completely stable natural 
river section or building a canal structure such as a Parshall flume to avoid 
sediment deposition. The use of ultrasonic water level sensors is also 
recommended in this case.
The World Meteorological Organization (2008) recommends the following 
for the location of the flow gauging station:

	 •	 Identify a straight reach of approximately 100 m upstream and 
downstream to the monitoring station. This is sometimes impractical 
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in Andean catchments, where reach lengths of approximately 10 m 
have been sufficient to provide stable values of discharge.

	 •	 The total flow must be confined in the control section for the entire 
range of water stage, avoiding the occurrence of subsurface flow.

	 •	 The control section must avoid erosion, sediment deposition and 
changes in geometry.

	 •	 The riverbanks must be stable and sufficiently tall to contain floods.
	 •	 In the case of using a weir, the water level must be monitored upstream 

of the control section at a distance of at least three times the maximum 
water level above the crest to avoid effects from the contraction of the 
water sheet.

	 •	 The velocity of water approaching the weir must be less than 0.15 m s–1.
	 •	 Strong water level fluctuations in the stream surface must be avoided.
	 •	 The station should be sufficiently secure and accessible to allow taking 

measurements even when there is presence of ice, solids, sediments or 
high floods.

To calibrate the stage-discharge curve (World Meteorological 
Organization, 2012), simultaneous measurements of discharge and water 
level are needed along a range of flow rates. Although a control structure 
can be used in the gauging station, the theoretical equation needs to be 
calibrated under operational conditions to reduce errors in the estimation 
of discharge (USDI Bureau of Reclamation, 2001). When flows are low, a 
volumetric method can be sufficient to estimate the discharge by dividing 
a measured volume over a period time. When flows are moderate and 
laminar, the discharge can be measured using the velocity-area method 
dividing the gauging section in several subsections and measuring velocity 
at different depths. When flows are high and turbulent, a dilution gauging 
method can be used, for instance, using table salt and measuring the electric 
conductivity that is related to substance concentration and discharge. In all 
cases, the discharge measurements must be repeated consecutively at least 
three times recording the water level, date and time of each observation.

Other monitored variables
Although not required by the iMHEA protocol, many iMHEA partners 
engage in monitoring of other variables, which provide added value for 
their particular management context. Examples include (i) monitoring of 
other meteorological variables such as temperature, humidity and wind 
speed/direction, (ii) soil properties, (iii) geological characterization and, 
(iv) tracer monitoring.

An approximation of evapotranspiration can be obtained using rainfall 
and stream flow on an annual basis, shorter-term time scales would require 
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local meteorological data to improve the calculation, e.g., (Córdova et al., 
2015). These data generally include air temperature, relative humidity, 
solar radiation, wind velocity and direction and air pressure. A weather 
station can be located at a central location within a catchment or a group 
of catchments, generating data at least at an hourly basis (Fig. 6.25(f)).

At the same time, the effects of different watershed interventions on 
local hydrological ecosystem services are strongly linked to their impacts on 
soil properties. For example, soil compaction under overgrazing (Sarmiento, 
2000; Díaz and Paz, 2002; Quichimbo, 2008) or enhanced soil infiltration 
in forested catchments (Bruijnzeel, 2004; Tobón, 2009; Beck et al., 2013a). 
Therefore, an extensive characterization of soil properties can improve 
the understanding of local hydrological processes. Similarly, an accurate 
identification of geologic influences (e.g., permeable rocks, aquifers, faults) 
can improve the posterior interpretation of results. This characterization 
can be complemented with tracer monitoring, for instance, using natural 
occurring isotopes (Mosquera et al., 2015).

Considerations for the Monitoring Design and Operation

Spatial scale, density and coverage of monitoring stations
It is important to obtain data at scales that are hydrologically representative 
of the ecosystems in the surrounding area. Commonly, the catchment of 
interest hosts various ecosystems or land uses (e.g., grasslands, forests, 
degraded areas, plantations), and thus the observed variables may not 
capture the hydrological signals of individual characteristics. In this case, 
it is difficult to attribute the stream flow response to a single land use or 
land cover that impacts on the hydrological functioning of an ecosystem.

Ideally, a catchment must host a homogeneous land use and land 
cover; however, this may be problematic in practice, especially for large 
catchments. For instance, Bosch and Hewlett (1982) found that impacts 
on stream flow due to changes in forest cover of less than 20% cannot 
be detected. Therefore, this protocol recommends that the monitored 
catchments must be smaller than 15 km2 and have a single land use or land 
cover in at least 80% of their areas.

Similarly, other problems are present in small catchments (< 0.2 km2). 
For example, in high Andean grasslands with significant wetland areas, 
sub surface water flow can become important. As only a fraction of the 
total discharge is effectively measured, the unmonitored circulation of 
water in the soil without draining to a common stream would invalidate 
the assumption considered to close the water balance. Another problem of 
small catchments is their regional representativeness, for instance, in terms 
of slopes, shape, storage capacity, or water yield, e.g., Mosquera et al. (2015), 
which could complicate the extrapolation of results to larger catchments 
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(Ochoa-Tocachi et al., 2016b). In any case, the design must ensure that the 
total outflow can be monitored at the outlet of the catchment, avoiding zero-
order basins, i.e., catchments without a permanent, defined discharge canal.

In terms of equipment, the number of stations necessary to measure 
rainfall depends on the catchment area and the expected spatial rainfall 
variability therein. For instance, Buytaert et al. (2006a) and Célleri et al. 
(2007) have found great differences in precipitation at small distances in 
mountain catchments of southern Ecuador. In these cases, a sub- or an 
over-estimation of total rainfall can lead to an erroneous application of 
the water balance equation, and thus to draw mistaken conclusions about 
the impacts of different watershed interventions. Furthermore, Padrón et 
al. (2015) argue that tipping bucket rain gauges may underestimate total 
precipitation by around 15% when rain falls mainly as low intensity events.

As a general rule, at least 2 rain gauges must be installed in each 
catchment even when these are small (< 1 km2). Most of the iMHEA 
monitoring sites are equipped with 3 rain gauges at representative low, 
middle and high elevation points within the catchments (Ochoa-Tocachi 
et al., 2016a). This also allows to validate and correct the measurements or 
fill data gaps when one of the sensors fails, for example, due to battery or 
memory issues or inlet obstructions.

Frequency of Automatic Data Acquisition
Due to the rapid hydrological response of small catchments to precipitation 
events, flows can reach peak values in only a few minutes. Therefore, 
the frequency of data logging must be high, minimum at an interval of  
15 minutes, but ideally 5 minutes. Most of the iMHEA’s sites generate data 
at a high temporal resolution of 5 minutes, in order to identify impacts on 
the short-term hydrological regulation that can pass unnoticed on daily 
aggregated indices (Ochoa-Tocachi et al., 2016a).

Data stored by automatic sensors must be gathered approximately 
once a month. Although the most advanced sensors may have the capacity 
to store large amounts of data, the tough climatic conditions of Andean 
catchments increase the need of sensor maintenance. For example, some 
technicians have reported obstructions in the rain gauge flumes due 
to the presence of forest litter or small animals even in shorter periods  
(Fig. 6.25(g)). Another problem can be the limited capacity of batteries and 
data loggers to function for longer periods. Both issues may result in the 
loss of important data between the visits.

Monitoring Design for Impact Evaluation
Two general approaches are common to assess the impacts of land use 
and land cover change (LUCC) or other watershed interventions on local 
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hydrology (McIntyre et al., 2014): long-term analysis and paired catchments. 
However, in both cases quantifying these impacts is complicated by the 
difficulty of distinguishing the effects of changes in land use from those  
that are due to natural climatic variability or other confounding factors 
(Ashagrie et al., 2006; Bulygina et al., 2009). In long-term analysis, even 
though the same catchment is monitored before and after the change, the 
influence of natural climatic variability may be different during the two 
considered periods (Lørup et al., 1998). This is solved in the second approach 
by monitoring the paired catchments under the same climatic conditions 
and different land uses. However, all watersheds are unique and land use 
is not the only factor that affects their hydrological responses (Bosch and 
Hewlett, 1982; Thomas and Megahan, 1998; Beven, 2000; Brown et al., 2005; 
Adams et al., 2012; Biederman et al., 2015). In iMHEA, although some sites 
have robust combined before-after-intervention-reference setup (Fig. 6.26), 
impact of an intervention is evaluated based on spatial comparison rather 
than changes over time. On balance, the ability of paired catchments to 
deliver more rapid answers, makes it the preferred approach.

Fig. 6.26  The ideal design of the paired catchments involves the temporal (before-after) and 
spatial (control-intervention) dimensions. Although the definition of a baseline is more robust 
under this design, a simpler setup of ‘control-intervention’ has proved useful in many cases.

Paired-Catchment Monitoring
To understand the impacts of contrasting watershed interventions (e.g., 
different land use types), this protocol recommends the use of paired 
catchments. This design is based on the comparison of the hydrological 
responses of two catchments, where one acts as a reference of a particular 
state and the other represents the intervention to be assessed. For example, 
natural vs cultivated catchments, degraded vs restored catchments or 
forested vs grassland catchments. Each catchment must be equipped 
following the guidelines previously indicated.
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Under this design, catchments are selected in such a way that their 
size, topography, soils, climate and other factors are as similar as possible, 
being the watershed intervention the only significant difference between 
them. In this way, the discrepancies found (if present) in discharge values 
or in the water balance can be attributed to such differences (Fig. 6.27). To 
limit the variability in climatic and soil conditions, the catchments must 
be located as close as possible to each other. This also reduces the efforts in 
maintenance and operation works.

A major advantage of the paired catchment design is that important 
differences in their hydrological responses can be identified in relatively 
short time periods (e.g., 1 year), feeding rapidly into the decision-making 
process. A careful analysis and interpretation of the results is necessary to 
avoid an erroneous attribution of hydrological response impacts that are 
due to other confounding factors.

Figure 6.28 shows an example of a paired catchment design in northern 
Ecuador. The two selected catchments, Quebrada del Volcán (221 ha) and 
Quebrada Kachiyaku (179 ha), are equipped with 1 weir with pressure 
transducers and 2 rain gauges each, and 1 meteorological station that has 
been placed in a central location (Fig. 6.25(f)). The monitoring is projected 
to be maintained on the long-term to understand the ongoing hydrological 
processes of these ecosystems, identify differences due to land use and land 
cover, and to characterize subsurface water exchange mechanisms between 
the catchments.

Long-Term Monitoring
To understand changes in the hydrological response of a catchment over 
time (i.e., non-stationarity), a single catchment can be monitored using the 
recommended instrumentation. Although the principle of this protocol 

Fig. 6.27  Conceptual representation of the paired catchment setup. Under this design, 
catchments are commonly collocated to minimize climatic differences. The resulting 
hydrographs that characterize their hydrological responses are compared to identify the 
impacts of different watershed interventions.

Natasha
Highlight

Natasha
Text Box
Au.: Pl rephrase, meaning not clear


BFO13
Cross-Out

BFO13
Inserted Text
while

BFO13
Cross-Out

BFO13
Inserted Text
to be evaluated becomes their

BFO13
Cross-Out

BFO13
Cross-Out

BFO13
Inserted Text
each catchment monitored with the recommended instrumentation can be analyzed individually.



142  Andean Hydrology

Fig. 6.28  Example of the iMHEA paired catchments monitored in Lloa, Ecuador. This site 
aims to understand the hydrological processes occurring in the humid páramo of northern 
Ecuador, including the impacts of grazing exclusion, restoration efforts and deep water 
infiltration in the soils.

is to draw significant conclusions in the short term using space-for-time 
substitution, the long-term monitoring of the individual catchments can 
reveal important information. For example, many restoration efforts will 
show results after several years, which can be contrasted to an initial 
baseline. Under this design, the sustainability of the monitoring sites is 
extremely important, and surely benefits from a participatory approach 
and a strong institutional agreement.
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It is important to differentiate between controlled interventions (e.g., 
restoration efforts) and uncontrolled changes (e.g., climate change), and 
between immediate impacts (e.g., infrastructure construction) and sustained 
changes (e.g., land-use change). Moreover, the monitoring should be set 
up ideally before the change to be assessed in order to generate a robust 
baseline that allows for a meaningful comparison of long term effects. A 
sensible combination of the paired catchment setup in the long term may 
reveal significant results of the evaluated interventions (Fig. 6.22).

Data Processing and analysis

Defining and managing a database
A quality control of the generated data must be done immediately after the 
data has been downloaded at every visit in order to identify errors (e.g., 
data outside the expected measurement range, such as negative water level 
values) or suspicious measurements (e.g., extreme rainfall intensities). Data 
must be curated thoroughly before their use in any posterior analysis. These 
data should feed a structured and organized database that could potentially 
have different purposes and users (Buytaert et al., 2012).

The high-resolution time series aggregated at different time intervals 
(5, 15, 60 minutes, or 1 day) may represent a large amount of information in 
the long term. However, it is imperative to store the finest resolution data 
to avoid losing important information that can be used in other studies 
not necessarily thought at the beginning of the project. For instance, a local 
partner may need daily values that can be obtained by aggregating the 
high-resolution data; however, disaggregating information from a larger 
to a shorter interval is not impossible without very restrictive assumptions 
that could invalidate the results or input large uncertainties. Furthermore, 
the high-resolution data can capture rapid hydrological processes and 
changes therein that can be omitted in aggregated indices (Ochoa-Tocachi 
et al., 2016a).

Hydrological Indices to Quantify Impacts
Hydrological indices are commonly used to summarize the hydrological 
response of a catchment, its state of conservation, and the impact of 
alterations. A large set of indices (also referred to as ‘signatures’ in 
hydrological literature) exist in the scientific literature, e.g., Walsh and 
Lawler (1981), Hughes and James (1989), Poff and Ward (1989), Richards 
(1989; 1990), Poff (1996), Poff et al. (1997), Richter et al. (1996; 1997; 1998), 
Clausen and Biggs (1997; 2000), Wood et al. (2000), Gippel et al. (2001), 
Baker et al. (2004), Mathews and Richter (2007), Beck et al. (2013a). Poff 
and Ward (1989) and Richter et al. (1996) defined five main components 
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of the flow regime: (i) magnitude, (ii) frequency, (iii) duration, (iv) timing, 
and (v) rate of change in flow events. Olden and Poff (2003) have extended 
this classification with sub categories for average, low and high flows, and 
analyzed index redundancy and multicollinearity.

In the Andes, the great spatial variability of climatic conditions and the 
only recent development of research on Andean hydrology have delayed 
the development of indices to evaluate the hydrological response of these 
catchments. However, the emergent generation of large amounts of data 
requires the synthesis of information in a reduced set of hydrological 
indices that can reflect clearly the impacts of human interventions. 
Moreover, decision makers and local stakeholders require the presentation 
and visualization of results and the quantification of ecosystem services, 
including the associated uncertainty, in a common and understandable 
language. For instance, the water yield can be characterized by the runoff 
ratio, whereas the hydrological regulation is usually quantified in means 
of the base flow index and the slope of the flow duration curve (Sawicz 
et al., 2011; Ochoa-Tocachi et al., 2016b; Visessri and McIntyre, 2016). 
The calculation and use of hydrological indices to evaluate ecosystem 
functioning are simpler than other types of indicators (Pyrce, 2004), such 
as hydraulic evaluations, habitat assessment or holistic approaches.

To optimize the available information, indices must be selected in such 
a way that they are relatively independent (Sefton and Howarth, 1998; 
Bulygina et al., 2009), well-defined to minimize ambiguity (Olden and Poff, 
2003), and susceptible to represent the impact of changes in the catchment 
(Archer et al., 2010). The use of indices to characterize the impacts of land-
use change on the hydrological response of Andean catchments can be seen 
in Ochoa-Tocachi et al. (2016a).

Data Processing
Different methods exist to interpolate the tipping bucket rainfall data, but 
a commonly used method uses a composite cubic spline interpolation 
applied to the cumulative rainfall curve and then aggregated at different 
time steps. This allows a smoother estimation of rainfall intensities than 
simply counting the number of tips in a determined interval of time, which is 
deemed more realistic (Fig. 6.29). A 1-minute or 5-minutes moving window 
can be used to extend the calculation of rainfall intensities for different event 
durations under consideration. The normalized seasonality index (Walsh 
and Lawler, 1981) ranging from 0 (non-seasonal) to 1 (extremely seasonal) 
can be used to compare rainfall regimes between several catchments.

The discharge data must be normalized prior to any comparison 
between catchments, for instance, dividing by the catchment area (units of 
mm or l s–1 km–2). For the calculation of some indices (e.g., runoff ratio) or 
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to apply the water balance equation, flow units are transformed to match 
the rainfall units (mm). Daily flows can be used to calculate Flow Duration 
Curves (FDC) and corresponding percentiles. Three indices are commonly 
considered in several hydrological studies and for watershed management:

	 •	 The Runoff Ratio (RR), calculated as the relation between average 
annual discharge and average annual rainfall, and represents an 
indication of water yield.

	 •	 The Base Flow Index (BFI), calculated as the ratio between base flow to 
total flow, e.g., Chapman (1999), Kabubi et al. (2005), Willems (2014), 

Fig. 6.29  Example of the calculation of 1-minute rainfall intensities based the tipping bucket 
rain gauge data. The simple tip counting provides a good calculation of rainfall totals but fails 
to provide realistic intensity estimations. Linear and polynomial interpolation techniques can 
be used to obtain a continuous time series of rainfall intensities that are considered a more 
accurate representation of real conditions.

beginning

beginning
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and can be associated to the short-term hydrological regulation at 
event scale.

	 •	 The slope of the FDC, calculated between the 33rd and 66th flow 
percentiles in logarithmic scale, commonly used as an indicator of 
hydrological regulation (Olden and Poff, 2003; Ochoa-Tocachi et al., 
2016b). For example, a steep slope may indicate high flashiness in the 
hydrological response to precipitation events, whereas a flatter curve 
may represent a buffered behavior and larger storage capacity (Buytaert 
et al., 2007; Yadav et al., 2007).

Extrapolation to Ungauged Areas
Although several stakeholders are interested in data for specific 
watersheds, it is impractical to monitor every single catchment due to 
several constraints, such as the limited amount of resources. However, 
it is possible to regionalize the results obtained from the monitoring of 
individual catchments to a broader context based on their hydrological 
similarity (Sawicz et al., 2011) in contrast to their physical similarity, see 
also Muñoz et al. (2016). The objective of such relationships is not only 
to reduce the monitoring efforts (Correa et al., 2016), but to estimate and 
predict the hydrological response of ungauged catchments and the effects of 
different watershed interventions before their implementation. This allows 
for approximating several impacts by relating the information generated in 
a group of representative sites, including a quantification of the uncertainty 
associated with these estimations.

Regional analyses are used to generalize results from data gathered in 
the few monitored sites to ungauged basins and to account for differences 
due to catchment uniqueness and spatial variability (Sivapalan, 2003; Beck 
et al., 2013b). Two examples of regional models that are widely used in 
other regions are the BFIHOST in the UK (Boorman et al., 1995) and the 
Curve Number in the US (USDA, 1986). Predictions in ungauged basins 
can be done through different methods (Parajka et al., 2013; Visessri and 
McIntyre, 2016), from which two regionalization approaches are widely 
used (Bulygina et al., 2009; 2011; 2012):

	 •	 relationships between catchment attributes and model parameters, 
e.g., Lamb and Kay (2004), McIntyre et al. (2005), Parajka et al. (2005), 
Lee et al. (2006), Wagener and Wheater (2006), Young (2006), Beven 
(2007), Wagener (2007), Buytaert and Beven (2009); and,

	 •	 relationships between catchment attributes and hydrological indices, 
e.g., Berger and Entekhabi (2001), Brandes et al. (2005), Mazvimavi 
et al. (2005), Shamir et al. (2005; 2005), Bárdossy (2007), Yadav et al. 
(2007), Longobardi and Villani (2008), Oudin et al. (2010), Zhang et 
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al. (2008), Peña-Arancibia et al. (2010), van Dijk (2010), Krakauer and 
Temimi (2011), Ahiablame et al. (2013), Visessri and McIntyre (2016).

The second approach has been implemented to the iMHEA network 
of paired catchments, where significant relationships were found between 
variables that describe land use and land cover and most of the tested 
hydrological indices (Ochoa-Tocachi et al., 2016b). Combining the paired 
catchment setup with the common regionalization approach proved useful 
to improve both approaches (Fig. 6.30). Therefore, this design is seen 
as a useful strategy to optimize data collection to support and improve 
watershed interventions in data-scarce regions, such as the tropical Andes.

Current State of the iMHEA Network and Preliminary Results
Using a design based on a trading-space-for-time approach, over 30 
catchments are currently being monitored for precipitation and stream 
flow by 18 local stakeholders in 15 sites located in Bolivia, Peru, Ecuador 
and Venezuela (Fig. 6.31). Where possible, one catchment is chosen such 
that it is representative for a reference state, while a second catchment 
represents the practice to be evaluated. The reference state may refer to 
either a conserved condition in contrast to LUCCD, or a degraded catchment 
without restoration activities or watershed management (Fig. 6.25(h)). The 
network focuses on small, homogeneous headwater catchments (between 
0.2 km2 and 10 km2) with a single land use or intervention in at least 80% 
of its area. As observed in Buytaert et al. (2016), the data generated by 
iMHEA is highly complementary to that of hydrometeorological stations.  
Figure 6.32 shows rainfall data in the Piura Basin from SENAMHI, the 
National Service of Meteorology and Hydrology of Peru, with stations 
located from 0 to 3000 masl and from iMHEA with stations between 2500 
and 3800 masl. It is clear that the estimated rainfall trend (linear regression) 
as fitted on the SENAMHI stations underestimates precipitation in the 
highlands, and that the definition of climatic zones in official documents, 
e.g., Autoridad Nacional del Agua (2012) is far from realistic without the 
inclusion of the newly generated data.

As expected, the analyzed data clearly reflect the dominant regional 
climate patterns and the extraordinary wide spectrum of hydrological 
response behavior of the tropical Andes. Ochoa-Tocachi et al. (2016a) 
have summarized this range contrasting the perennially humid, highly 
buffered stream flow behavior of wet páramos with the strongly seasonal, 
flashy stream flow response of the drier puna (Table 6.12; Fig. 6.33). 
Rainfall seasonality is controlled by latitude, with minimum values of 
the seasonality index observed in the transition between the páramo and 
the puna biomes, especially in the region of the Andes where elevations 
are the lowest facilitating air fluxes. In other areas, the influence of the 

BFO13
Inserted Text
,

BFO13
Cross-Out

BFO13
Inserted Text
has proven

BFO13
Cross-Out

BFO13
Inserted Text
a human intervention



148  Andean Hydrology

Fig. 6.30  Effects of including land use and land cover variables in the regional regressions 
derived using the iMHEA catchments. As shown for the runoff ratio, the base flow index and 
the slope of the flow duration curve, the inclusion of land use and land cover variables improve 
the regression performance and reduce the associated uncertainty significantly.
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Amazonian warm and humid air masses contrasts to the cold and dry Pacific 
regime, generating notorious dissimilarities in both sides of the Cordillera 
(Fig. 6.25(i)). Despite these differences, natural Andean catchments are 
characterized by high runoff ratios, indicating large water yields (Buytaert 
et al., 2007; Mosquera et al., 2015), and flat profiles of the FDC, which are 
associated with a good hydrological regulation capacity and a base flow 
dominated response (Buytaert et al., 2006b; Crespo et al., 2011).

Similarly, the impacts of land use are found to be influenced by several 
factors, such as the catchments’ physiographic characteristics, the original 
and replacement vegetation cover and soil properties and changes therein. 
Such impacts commonly result in more variable stream flows and in 
reduced water yields and worse hydrological regulation (Ochoa-Tocachi 
et al., 2016a). Despite the hydrological properties of the original biome, the 

Fig. 6.31  Map of the tropical Andes and location of the iMHEA monitoring sites. Those 
represented a black up-pointing triangle where included in an assessment of the impacts of 
land use on the hydrological response of Andean catchments (Ochoa-Tocachi et al., 2016a), 
and where used to test the usefulness of paired catchments to regionalize land-use signals on 
stream flow (Ochoa-Tocachi et al., 2016b).
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effects of common human activities in the different Andean catchments 
are consistent (Fig. 6.34). It has been observed that cultivation increases 
flashiness and reduces low flows in particular (Sarmiento, 2000; Buytaert 
et al., 2007). Grazing effects depend on animal density and may pass 
unnoticeable in aggregated indices (Crespo et al., 2011), but they have the 
largest effect on the hydrological regulation. The afforestation of grasslands 
with exotic vegetation affects the entire range of discharges (Buytaert et al., 
2007). Even though the specific magnitudes of such changes are variable, 
these trends are consistent in the different Andean biomes studied by the 
iMHEA network (Ochoa-Tocachi et al., 2016a).

An important case in point is afforestation with exotic species. When 
large extensions of Andean highlands were forested with pine, local 
authorities tried to replicate a successful experience to recover degraded 
lands occurred in Cajamarca, Peru. However, most frequently, pine 
plantations are introduced in non-degraded areas and, as seen in humid 
páramo studies (Buytaert et al., 2007), they change water and organic carbon 
retention and hydrological response features. We find similar trends in 
afforested jalcas and punas, including important reductions in water yield, 
mainly produced by higher evapotranspiration and canopy interception, 
and major impacts on discharge, especially over low flows (Ochoa-Tocachi et 
al., 2016a). Despite the negative evidenced impacts of afforestation on total 

Fig. 6.32  Rainfall data from SENAMHI and iMHEA showing the complementarity of 
information generated by multiple sources in a polycentric approach (Buytaert et al., 2016).
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Table 6.12  Summary of the iMHEA catchment characteristics for the selected sites in Fig. 6.30.

Code 
Units

Ecosystem 
[type]

Altitude 
[m]

Area 
[km2]

Land-use 
[type]

Monitoring period 
[dates]

LLO Lloa

LLO_01 Páramo 3825–4700 1.79 Overgrazed 10/01/2013–27/01/2016

LLO_02 Páramo 4088–4680 2.21 Grazed 10/01/2013–27/01/2016

JTU Jatunhuaycu

JTU_01 Páramo 4075–4225 0.65 Overgrazed 14/11/2013–15/02/2016

JTU_02 Páramo 4085–4322 2.42 Overgrazed 15/11/2013–15/02/2016

JTU_03 Páramo 4144–4500 2.25 Natural 13/11/2013–16/02/2016

PAU Paute

PAU_01 Páramo 3665–4100 2.63 Natural 24/05/2001–16/08/2005

PAU_02 Páramo 2970–3810 1.00 Natural 29/02/2004–31/07/2007

PAU_03 Páramo 3245–3680 0.59 Afforested 29/05/2004–31/07/2007

PAU_04 Páramo 3560–3721 1.55 Cultivated 27/10/2001–14/10/2003

PIU Piura  

PIU_01 Páramo 3112–3900 6.60 Natural 05/07/2013–12/12/2015

PIU_02 Páramo 3245–3610 0.95 Grazed 06/07/2013–13/12/2015

PIU_03 Páramo 3425–3860 1.31 Overgrazed 11/04/2013–23/10/2015

PIU_04 Forest 2682–3408 2.32 Natural 
Forest

23/06/2013–14/01/2016

PIU_07 Dry puna 3110–3660 7.80 Overgrazed 11/07/2013–15/01/2015

CHA Chachapoyas

CHA_01 Jalca 2940–3200 0.95 Afforested 18/08/2010–07/12/2015

CHA_02 Jalca 3000–3450 1.63 Natural 18/08/2010–07/12/2015

HUA Huaraz

HUA_01 Humid puna 4280–4840 4.22 Natural 10/09/2012–20/06/2014

HUA_02 Humid puna 4235–4725 2.38 Grazed 10/09/2012–20/06/2014

HMT Huamantanga

HMT_01 Dry puna 4025–4542 2.09 Overgrazed 28/06/2014–03/03/2016

HMT_02 Dry puna 3988–4532 1.69 Overgrazed 26/06/2014–03/03/2016

TAM Tambobamba

TAM_01 Humid puna 3835–4026 0.82 Afforested 12/04/2012–02/01/2013

TAM_02 Humid puna 3650–4360 1.67 Natural 12/04/2012–16/04/2013

TIQ Tiquipaya

TIQ_01 Humid puna 4140–4353 0.69 Cultivated 02/04/2013–25/01/2016

TIQ_02 Humid puna 4182–4489 1.73 Natural 18/02/2013–25/01/2016
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water production and local biodiversity (Hofstede et al., 2002), this practice 
is still part of large regional efforts generally supported by the Ministries 
of Agriculture of Andean countries. In the last years, local awareness has 
increased recognizing such practices as productive interventions rather 
than mistakenly camouflaging them as conservation efforts. This has 
made it possible to improve the identification of ‘more suitable’ areas of 
intervention and changing the approach towards the implementation of 
conservation agriculture in degraded lands by leveraging the enhancement 
in soil infiltration produced by tree roots to avoid or reduce erosive processes 
(Bruijnzeel, 2004; Tobón, 2009; Beck et al., 2013a). However, adequate 
watershed interventions using afforestation with exotic species in remote 
Andean catchments is still far from being solved.

In the context of growing investment in climate change adaptation under 
compensation schemes for ecosystem services in Peru,1 iMHEA has started 
to deliver useful information to multi-scale and multi-stakeholder decision-
making activities, especially in previously sub-represented ecosystems. 
For example, the identification of livestock impacts on hydrological 
regulation in puna highlands provides also quantitative and complementary 
information on hydrological benefits of overgrazing elimination. Livestock 
grazing increases soil bulk density, which results in reduced hydraulic 
conductivity, increased overland flow and lower water yields (Díaz and 

Fig. 6.33  Hydrological response in a year of natural Andean catchments in different biomes 
from Ochoa-Tocachi et al. (2016a): (left) daily time series of rainfall and stream flow show 
different regimes and seasonality mainly driven by latitude; (middle) the flow duration curves 
show smooth profiles with (right) large specific discharges with respect to input precipitation.

1 http://www.leyes.congreso.gob.pe/Documentos/Leyes/30215.pdf
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Paz, 2002; Quichimbo, 2008; Crespo et al., 2010). In areas where seasonality 
and hydrological regulation are critical, water companies build expensive 
gray infrastructure to secure water for large cities downstream during long 
dry seasons. Recent changes in legislation now encourage companies to 
fight catchment degradation to improve natural hydrological regulation 
capacity. The sites provide a new generation of hydrological information 
that allows for economic analyses to study green infrastructure feasibility 
and cost-benefit comparisons between gray and green investments (Gammie 
and De Bièvre, 2015). For example, Fig. 6.35 shows a comparison of a set of 
gray and green infrastructure options for Lima, Peru.

The iMHEA initiative has now called the attention of major donors in 
the context of strengthening capacity for climate change adaptation, and 
green infrastructure investments in general, as they require evidence of 
the benefits of their investments. Other initiatives that are adopting the 
approach are the booming Water Funds in Latin America and the green 

Fig. 6.35  Comparison of gray and green infrastructure in terms of Costs per Effectiveness 
(USD m–3) from Gammie and De Bièvre (2015). The iMHEA has started to feed hydrological 
data into economic analyses to support large scale interventions, such as those to ensure 
water supply for Lima, Peru.
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infrastructure investments as they are promoted by recently approved 
Peruvian legislation, being even compulsory in the case of water utilities 
of medium and large cities.

Conclusions
The research builds upon several years of extensive study, as part of the 
Regional Initiative for Hydrological Monitoring of Andean Ecosystems 
(iMHEA), to characterize the hydrology of tropical Andean catchments. By 
using data from a network of micro-catchments distributed from Ecuador 
to Bolivia, the iMHEA aims to tackle the scarcity of data and knowledge 
about the hydrology of high Andean catchments and the impacts of land 
use and cover change and degradation on their hydrological response and 
water yield, as well as those of many watershed interventions. By ‘trading 
space-for-time’, we find consistent impacts and trends in the different 
monitored biomes.

We recognize that a fixed common solution to the diversity of 
hydrological issues in the Andes does not exist, but the methodology 
proposed by the iMHEA has proved crucial to increase and strengthen the 
knowledge of Andean hydrology. Knowledge of hydrological change at 
this scale is limited but key, and this research output will significantly help 
decision makers inform policies related to development and conservation. 
Also, this network is an illustration of how information generated from 
participatory monitoring schemes, such as iMHEA, proves to be extremely 
relevant to overcome data-scarcity. The participatory nature of the network 
allows also for more rapidly feeding into decision-making processes and 
to promote mechanisms, opportunities and spaces to reflect, exchange 
experiences and provide feedback more easily (Fig. 6.25(j) and 6.25(k)). 
The results provided by iMHEA may be used to improve water resources 
management and the effectiveness of water conservation measures, and to 
support further research in the Andean region. Furthermore, the advent of 
new technologies and methods, as well as new questions that have been 
raised in the last years, involves a faster evolution of the network, but it 
certainly strengthens the route started a couple of years ago with promising 
and highly expected results.

As noted in Ochoa-Tocachi et al. (2016b), this methodology can be 
applied to evaluate human interventions both after their implementation (in 
the monitored catchments) and before (predicting responses in ungauged 
catchments). As the available database for human intervention assessment 
grows, including more catchments covering different ecosystems, 
characteristics and contrasting land use types and watershed interventions, 
more robust extrapolations can be expected with a better quantification 
of uncertainty. This approach is useful to generate information about the 

BFO13
Cross-Out

BFO13
Inserted Text
n



156  Andean Hydrology

impact of human interventions on catchment hydrology, especially in data-
scarce regions, but with potential application in other regions of the world.
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