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Response to Anonymous Referee #2

This manuscript uses remotely sensed data products to help evaluate the role of
evapotranspiration (ET) in the recession of Lake Poopo. The trends of precipitation, ET, and
the normalized difference vegetation index (NDVI) were carefully analyzed, and it was found
that ET was not the main contributor for this change. However, there is a lack of further
analysis about the causes, while the vegetation trend has been given more attention than
necessary.

We sincerely thank the anonymous Referee #2 for their careful review of our manuscript. We
have substantially revised our manuscript with special attention to the critical issues identified
by the Referee and believe that our study aims and results are much better conveyed now.

The Referee’s comments are indicated below in bold font, followed by our response in normal
font. Blue colour shows new sentences or paragraphs as modified in the manuscript. All the
answers are referenced (PX-LX) to the new manuscript which is attached at the end of the
document.

Additionally, all analyses presented in the manuscript have been re-processed to the period
2002-2014, for consistency. In the original version, some had been undertaken for 2001-2014
and others for 2002-2014. The modification of the analysis period has not introduced significant
changes in the results.

1. Section 2: Although the manuscript is about evaluating whether the ET has caused the
shrinking of Lake Poopo, the text about Lake Poopo and its changes is minimal. The
authors are strongly suggested to offer more info on this regard (such as time series of
lake level or area).

We completely agree that the original manuscript provided insufficient background on the lake
catchment issues. It didn’t state the study aims clearly enough, either. Our sincere apologies for
these omissions.

In the current version of the paper, we have profoundly revised the Introduction section in order
to provide a thorough literature review on the Lake Poopd issues and a clear statement of the
study aims.

The temporal changes of Lake Poopd have been depicted in Fig.4, on P14-L17 of the revised
manuscript and included below.
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Figure 1: Evolution and temporal trends of annual ET and precipitation and mean NDVI over the entire DP system,
and volume change in Lake Poopé.

2. Earlier in the manuscript, it was assumed that ET losses have increased due to increased
cultivated crops. However, the analysis of ET changes in Figure 6 focuses on the ET rate for
different crop types at given locations. In Figure 1, only representative ROIs of land cover
types are indicated. Showing the land cover land use change (LCLUC) during the study
period Will help to justify the argument that the area of cultivated crops has increased.
Otherwise one can argue that the increased ET is primarily due to increased precipitation,
instead of LCLUC.

Actually, the study analysed the increase in ET and NDVI over the entire catchment and,
additionally, per land cover type. But we did not attempt to quantify agricultural intensification.
In order to associate mean ET and NDVI magnitudes and trends to different land cover types and
explore their relative trends, we defined a number of polygons characteristic of those types
(regions of interest, ROIs). Special care was taken in the definition of the ROlIs, so that their land
use type didn’t change over the study period. Consequently, the observed land-cover ET or NDVI
trends are associated to a stationary, land cover use.

We revised Section 3.2 of the manuscript (P10-L6), to clarify this point by adding the paragraph
as follows:

“Regions of interest (ROIs) were delineated for each of these categories (Fig. 1) and validated by
site visits and by visual inspection of multi-temporal, high resolution Google Earth images.
Google Earth Engine Timelapse (Gorelick et al., 2017), was used to ensure that the ROI’s land
cover types had not changed during the study period. The ROIs were used to extract per-class
NDVI and ET annual values and trends as explained in Section 3.3.” (P10-L6)

The statement shown in the introduction of the increase of ET due to an increase of the
extension of cultivated crops is based on literature review. The total cultivation area of quinoa
in Bolivia has increased in the last 2 decades (INE, 2019). Jacobsen et al., 2012 shows an increase
of the extension of quinoa crops in the southern part of the system. Moreover, Satgé et al., 2017



suggests that an increase of the extension of cropland areas is one of the main causes of the
increase of ET. However, the highest increases of ET found by Satgé (2016) do not spatially match
with the highest expansion of cropland areas found by Jacobsen (2012).

e [nstituto Nacional de Estadistica. Estadisticas econdmicas; Instituto Nacional de
Estadistica, Ed.; The Bolivian National Institute of Statistics: La Paz, Bolivia, 2015. (In
Spanish).

e Jacobsen, S.: The Situation for Quinoa and Its Production in Southern Bolivia: From
Economic Success to Environmental Disaster. J. Agron.Crop.Sci., 197(5), 390-399, doi:
10.1111/j.1439-037x.2011.00475.x, 2011.

e Satgé, F., Espinoza, R., Zol3, R. P., Roig, H., Timouk, F., Molina, J., Garnier, J., Calmant, F.,
Seyler, F. and Bonnet, M. P.: Role of climate variability and human activity on Poopé
Lake droughts between 1990 and 2015 assessed using remote sensing data. Remote
Sens-Basel., 9(3), 218. doi: 10.3390/rs9030218, 2017.

3. Results from Figure 4 suggest that the overall precipitation has increased more than that
from the ET. Consequently, it was concluded that there is no clear link between
agricultural intensification and the lake recession. Given these, | don’t think the NDVI
trend analyses (Figure 5 and Figure 6) are very relevant in this study. Rather, readers would
likely be more interested in finding out the true driver of the depletion of the increasing
trends from precipitation and ET?

Regarding the interest of monitoring NDVI, we expected that, if the ET increase was mainly due
to increased farming, a spatial correlation between NDVI and ET trends would be observed. But
this was not the case. We considered that this lack of consistency between vegetation and ET
trends supports our result that ET is not a main driver of the lake water loss. Some sentences
have been added to the abstract and conclusion to highlight this role of the NDVI observation:

Abstract

“Consequently, this study found no clear link between vegetation development and ET
indicating that the NDVI is not the single main driver for the increase in ET losses in the Poopd
catchment during the period analysed.” (P1-L29)

Results 4.2

“No clear spatial correlations between the NDVI and ET trends have been identified, suggesting
that the increase in vegetation is not the single main driver for the increase in ET losses.” (P14-
L14)

“However, the limited degree of correlation between NDVI and ET trends reinforces the
hypothesis that NDVI is not the single main driver of ET changes in the DP system.” (P16-L8)

Conclusions

“On the other hand, no neat spatial correlations between NDVI and ET trends have been
identified, indicating that the NDVI is not the single main driver for the increase in ET
losses.”(P20-L12)

In our opinion, quantifying the drivers for the depletion of Lake Poopo is a paramount work,
requiring a great deal of hydrological data, part of which are unavailable. For example, there is
limited data on aquifer level evolution in the study period and on the groundwater exchange



with the lake. The time series of flow discharge in the Desaguadero River, the main water input
into Lake Poopd, presents significant gaps and uncertainties. Other challenges for the lake water
balance are related to the contribution from minor ungauged tributaries and to the evaporation
losses. We are currently working on the quantification and simulation of some of those water
balance terms, but the study presented here focused on one piece of the puzzle, on the detailed
temporal analysis of the spatially distributed terms: ET, precipitation and vegetation. We don’t
attempt to explain all issues affecting Lake Poopd, but to exploit state-of-the-art spatiotemporal
data to improve our quantitative knowledge of one of the factors that has been highlighted by
recent literature as a possible driver of the lake’s decline: the increased crop ET losses. Our
revised Introduction tries to clarify this goal of our study, humbler than an overall explanation
to the issue, as it may have seemed. Also, we have added a final remark to the Conclusions:

“... despite the intensification of agriculture in the DP system between 2002 and 2014 increased
the ET losses, these cannot be the directly linked to the Lake Poopd shrinkage. These results
urge the investigation of trends in other lake water balance terms, such as the flow discharge in
the Desaguadero River other tributaries, the evaporation losses and the water exchange
between the lake and the aquifer.” (P20-L14)

4. From a water budget perspective, it is expected that the river discharge into the lake
should have also increased. Therefore, the authors are suggested to show the observed
river discharge, which directly affects the lake size. Has the river discharge increased? If
so, why did the lake shrink? If not, how to explain its trend against the increasing trends
from precipitation and ET?

We think that the answer to comment 3 responds to comment 4, too. We would like to add that
we are currently udnergoing reseacrh on the flow discharge evolution. But within the remit of
this manuscript, we only atempt to contribute rigourous information about one of the water
balance parameters that has been blamed by the literature, which is ET. The study was timely,
since it exploited the recently improved NASA’s ET product, and recent cloud-based processing
capabilities, which enabled an updated and more detailed (data richer) spatio-temporal analysis
of ET.

5. Since the ET values in the cultivated agriculture areas have increased more than the other
areas, it is conceivable that the irrigation withdraw has played an important role in the
depletion. Some discussion on this would help to better understand the results from this
study.

A better discussion of these results has been added in the new manuscript (P17-L20).

“The difference between cropland areas and the rest of the land covers could be related to non-
environmental factors. Bolivia is one of the largest exporting countries of quinoa. In the last two
decades, the production of quinoa in Bolivia has increased significantly (INE, 2019) responding
to a growing international demand. Because the study focuses on static ROIs, the larger
increases of ET in cropland areas than in the rest of the land covers may be related to changes
in the irrigation management, in order to meet international demand.” (P17-L20)

6. Page 3, Line 9: the acronym TDPS needs to be defined.
We apologize for the omissions. All the acronyms have been checked and defined.

“The highest increases in ET were located in the central and northern part of the Desaguadero-
Poopd (DP) system...” (P4-L3)



“The region includes the Titicaca-Desaguadero-Poopd-Salares (TDPS) system with a total area of
143,900 km?2...” (P4-L30)

“Regions of interest (ROIs) were delineated for each of these categories...” (P10-L6)

“...and Mann-Kendall (MK) test (Mann, 1957; Kendall, 1975) as explained in the Section 3.4.1.”
(P10-L25)

Page 6, Line 31: The ‘5,111 daily rainfall observations’ doesn’t match the number ‘5,113’ in
Table 1.

As we changed the study period from 2001-2014 to 2002-2014 in order to avoid confusions, the
total number of CHIRPS products has changed to 4,748. This number has been corrected
throughout the text.

7. Page 6, Lines 32-33: change “both” to “the two”.
The change has been applied.
“Fig. 2 depicts the scatter plot for the two data sets...” (P8-L11)

“Given the agreement between the two data sets...” (P8-L13)

8. Page 7, Lines 6-9: what is the basis of choosing the MODIS reflectance data on 05/16/2012
for the mask? How does the reflectance based mask differ from the ET based mask?

The text as follows has been added (P10-L16) to the revised manuscript to clarify this point.

“The May 2012 image was selected for the derivation of a water mask because it was acquired
at the end of an extremely wet season, so it is expected to capture water bodies and prone-to-
flood areas at a close-to-peak water extent condition. A constant water mask, as opposed to a
time-varying one, was used for simplicity, although it may miss few, sporadic water-logged
pixels.” (P10-L16)

The difference between the MNDWI mask and the ET mask differ in some specific pixels that
MODIS ET does not mask. Higher number of masked pixels have been observed in the MNDWI
product than in the ET product related with rivers and some pixels located in humid areas.

9. Page 12, first paragraph: As the authors pointed out, the results from Stage et al. (2017)
and this study are different because different versions of MODIS ET at two temporal
resolutions were used. To what degree would the results and conclusions be affected by
the uncertainties associated with the MODIS NDVI and ET products? It would be
interesting to add another set of results using MODIS monthly ET v6.

The ET MODIS dataset used by Satgé et al., 2017 (version 5) and ours (version 6) is different not
only in the temporal resolution but also in the spatial resolution:

“Some differences between the studies by Satgé et al. (2017) and the one presented here that
may explain the different observations include: Satge et al. (2017) used approximately 180 ET
products at monthly intervals for the period 2000-2014, while this study used a total of 599 ET
products at eight-day intervals, from 2002 to 2014. Furthermore, Satge et al. (2017)’s analysis
used the MODIS ET product version 5, at a spatial resolution of 1000 m, whereas this research



benefitted from the latest version 6 of the same product, at a spatial resolution of 500 m. ” (P15-
L10)

In this study, only good quality pixels have been selected for ET as well as NDVI. Good quality
pixels are all those pixels non-contaminated by aerosols, clouds and physical disturbances that
can produce noise in the final image. A quality mask has been applied for ET and NDVI choosing
only quality pixels per each observation.

The validation of ET MOD16A2 was carried out at 46 eddy flux towers, global 232 watersheds as
well as global meteorological data (Running et al., 2017) extracted from Global Modelling
Assimilation Office (GMAO). The results show an acceptable Mean Absolute Error (MAE) of
about 0.33 mm day™ (towers), 0.31 mm day™? (GMAO meteorology) with a daily biases of about
-0.11 mm day? (towers) and -0.02 mm day* (GMAO).

A better explanation of how the validation was carried out together with the uncertainties of
the product can be found in the User’s Guide MOD16A2 (Running et al., 2017):

https://Ipdaac.usgs.gov/documents/378/MOD16 User Guide V6.pdf

The validation of MODIS NDVI (MOD13Q1 and MYD13Q1) was carried out based on comparisons
with radiometric field worldwide measurements and space and airborne sensors. The results
showed an accuracy of about + 0.025.

The uncertainties of MODIS NDVI (MOD13Q1, MYD13Q1) appear when there are pixels with low
or not acceptable quality available within a compositing period.

A better explanation of how the validation was carried out can be find in the User’s Guide
MOD13Q1 (Didan et al., 2015). The following link shows the reliability/uncertainties of
MOD13Q1/MYD13Q1 together with a list of supporting studies validating the product.

https://landval.gsfc.nasa.gov/ProductStatus.php?ProductID=MOD13

The information regarding the uncertainties of the MODIS NDVI and MODIS ET products have
been added in the manuscript:

“The accuracy of the MOD13Q1 and MYD13Q1 NDVI values for clear pixels is reported as + 0.025
(Gao et al., 2003). Table 1 provides an overview of the used dataset.” (P7-L8)

“This study used the ET product MOD16A2 version 6, which improves the previous version 5 in
spatial resolution, from 1000 m to 500 m, and in the accuracy of near real-time surface weather
data. It has been validated for 232 watersheds and 46 eddy flux towers (Running et al., 2017),
and its accuracy has been assessed with an average mean absolute error of about 24 %, within
the 10-30% range of accuracy of ET observations (Running et al., 2017; Jian et al., 2004; Kalma
et al., 2008). Regarding the ET and NDVI products’ accuracy, it is important to note that they
undergo strict, frequent calibrations to ensure consistent measurements, and hence provide
robust, reliable temporal trends.” (P7-L14)

References:

Running, S.W., Mu, Q., Zhao, M. and Moreno, A., 2017. User’s Guide MODIS Global Terrestrial
Evapotranspiration (ET) Product (NASA MOD16A2/A3). NASA Earth Observing System MODIS
Land Algorithm. Version, 1.


https://lpdaac.usgs.gov/documents/378/MOD16_User_Guide_V6.pdf
https://landval.gsfc.nasa.gov/ProductStatus.php?ProductID=MOD13

Jiang, L., Islam, S., and Carlson, T. N.: Uncertainties in latent heat flux measurement and
estimation: implications for using a simplified approach with remote sensing data. Can. J.
Remote Sens., 30(5), 769-787, doi: 10.5589/m04-038, 2004.

Kalma, J. D., McVicar, T. R., and McCabe, M. F.: Estimating land surface evaporation: A review of
methods using remotely sensed surface temperature data. Surv.Geophys., 29(4-5), 421-469, doi:
10.1007/s10712-008-9037-z, 2008.

Didan, K.: MOD13Q1 MODIS/Terra Vegetation Indices 16-Day L3 Global 250m SIN Grid
V006 [Data set]. NASA EOSDIS LP DAAC, doi: 10.5067/MODIS/M0OD13Q1.006, 2015a.

Didan, K.: MYD13Ql1l MODIS/Aqua Vegetation Indices 16-Day L3 Global 250m SIN Grid
V006 [Data set]. NASA EOSDIS LP DAAC, doi: 10.5067/MODIS/M0OD13Q1.006, 2015b.

10. Page 12, section number ‘4.3.1’ should be ‘4.3’.
The numeric change of the section has been applied:

“4.3 Per land cover analysis of ET and NDVI trends” (P17-L8)

11. Please discuss the errors and uncertainties associated with the datasets employed in this
study.

The errors and uncertainties of MODIS NDVI and MODIS ET have been presented in the response

to comment 9.

Some authors have reported that CHIRPS tends to overestimate and underestimate moderate
and extreme rainy episodes (Toté et al., 2015; Trejo et al., 2016, Bai et al., 2018; Paredes-Trejo
et al., 2017). Despite the reported uncertainties, CHIRPS precipitation data were successfully
validated in areas adjacent to the DP system by Satgé et al. (2019) and Canedo et al. (2018). We
also undertook a rigorous and successful validation (see below and on P8-L1). The rainfall over
high altitude areas in the DP system is very poorly gauged, so we had to resort to remote sensing
based rainfall data to account for the precipitation over those areas. Our validation provides
strong confidence on the consistency between on-site and remote sensing measurements.
However, the main conclusions of our study are based on the temporal trends, not on the
absolute values of the parameters. Beyond inaccuracies of satellite measurements, they
undergo strict frequent calibrations to ensure consistent measurements, and hence, consistent
temporal trends.

3.1.2 Precipitation data

“Precipitation data were collected from on-site meteorological stations and from satellite
rainfall estimation products. Monthly precipitation data were obtained from twenty-one
meteorological stations of the Servicio Nacional de Meteorologia e Hidrologia de Bolivia
(SENAMHI). Figure 1 shows the location of these stations, which is sparse and not well
representative of high elevation areas. In order to retrieve measurements from areas poorly
gauged by meteorological stations, satellite precipitation estimations from CHIRPS were used.
CHIRPS is a global rainfall dataset at 0.05 arc degree resolution, derived from satellite and in-
situ precipitation measurements, developed by the U.S. Geological Survey (USGS) and the


https://doi.org/10.5589/m04-038

Climate Hazards Group (Funk et al., 2015). CHIRPS precipitation data were successfully validated
in areas adjacent to the DP system by Satgé et al. (2019) and Canedo et al. (2018). Here, monthly
accumulated precipitation from each on-site meteorological station was compared to the one
provided by its corresponding CHIRPS pixel. Fig. 2 depicts the scatter plot for the two data sets,
with showing a Spearman’s correlation coefficient (CC) of 0.87 with significant results and bias
of 2.25 mm month? (Fig. 2). Given the agreement between the two data sets, the regional
analysis of precipitation was carried out using CHIRPS data, which provides full coverage of the
DP system. A bias correction was not applied since only the precipitation temporal trends, and
not their absolute values, were needed for the purpose of this study. The lack of precipitation
ground data for the validation of the CHIRPS product over the highest parts of the DP system is
acknowledged as a source of uncertainty, and current efforts are in place to improve their
gauging.” (P8-L1)
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Figure 2. Scatter plot of monthly satellite rainfall estimations (CHIRPS) versus rain gauges (SENAMHI).
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stations—a new environmental record for monitoring extremes. Scientific data, 2, p.150066.



12. Figure 5: It is unclear how the ‘ET annual mean change’ was calculated for the wet season
and the dry season. Were they first calculated for two months and then scaled up to
annual?

Yes. The seasonal ET annual mean change was calculated with daily ET values for January-
February and July-August and the scaled up to annual. A total of 105 and 104 observations for
the wet and dry period respectively were used in the regression. The magnitude of each
observation was in mm day™ and the results were scaled up to mm yr?,
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Mapping evapotranspiration, vegetation and precipitation trends in
the catchment of the shrinking Lake Poopo.

Juan Torres-Batll6?, Belén Marti-Cardona®, Ramiro Pillco-Zol4?

!Department of Civil and Environmental Engineering, University of Surrey, Guildford, UK
2Instituto de Hidraulica e Hidrologia, Universidad Mayor de San Andrés, La Paz, Bolivia

Abstract.

Lake Poopo is located in the Andean Mountain Range Plateau or Altiplano. A general decline in the lake water level has been
observed in the last two decades, coinciding roughly with an intensification of agriculture exploitation such as quinoa crops.
Several factors have been blamed for the shrinkage in the extent of the lake, including climate change, increased farming,
mining abstractions and population growth. Being an endorheic catchment, evapotranspiration (ET) losses are expected to be
the main water output mechanism. This study used a time series of more than 5000 satellite data-based products to map ET,
vegetation index (NDVI) and precipitation trends in the Poopd catchment between 2002 and 2014. The aim was to explore
links between ET, vegetation, precipitation, land use and the lake decline. The years 2015 and 2016 were excluded from the
analysis due to the strong impact of EI Nifio phenomenon over the study area, which could have masked long term temporal
trends related to land use.

We quantified the ET and NDVI magnitudes and trends over the lake Poopé catchment and for areas characteristic of the main
cover types during the study period. It became clear that cultivated areas were the ones which had experienced the largest
increase in water consumption, although they were not in all instances the land covers with the largest losses. This
quantification provides essential information for the sustainable planning of water resources and land uses in the catchment.
We also collected on-site and satellite precipitation data. When integrated over the entire catchment, the overall ET losses
showed a sustained increasing trend at an average rate of 4.3 mm yr*. Rainfall water inputs followed a similar trend, with a
higher increasing rate of 5.2 mm yr1. Based on these results and from the point of view of the catchment water resources, the
ET loss intensification derived from crop expansion has been compensated by the increase in precipitation. Furthermore, no
clear spatial correlation was found between ET and NDVI temporal trends. Consequently, this study found no clear link
between vegetation development and ET indicating that the NDV1 is not the single main driver for the increase in ET losses

in the Poopo catchment during the period analysed.
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1. Introduction

Endorheic or terminal catchments, i.e. those with no surface drainage to rivers or oceans, constitute 25% of the world’s
continental area (excluding Greenland and Antarctica) and are mostly located in semi-arid and arid climates (Hostetler, 1995).
Given the lack of outlet drainage, the surface water storage in endorheic catchments depends critically on the equilibrium
among precipitation, evapotranspiration (ET) and groundwater exchange (Hammer, 1986; McCarthy et al., 2001;
Wang et al., 2018). This equilibrium is affected, for example, by increases in agricultural land and irrigation, which intensifies
ET water losses. ET and evaporation from open water surfaces are also exacerbated by warming temperatures. Climate change
combined with human activity has caused severe perturbances in the water balance of several endorheic basins around the
world, leading to the shrinkage of terminal lakes in these basins (Wurtsbaugh et al., 2017; Wang et al., 2018), such as Lake
Urmia in Iran (Eimanifar and Mohebbi, 2005; AghaKouchak et al., 2015), the Aral Sea in Kazahkstan and Uzbekistan
(Micklin, 1988; Micklin, 2007), Lake Chad in Central Africa (Gao et al., 2011) and the Great Salt Lake in the USA
(Wurtsbaugh et al., 2017).

The Altiplano, in the Andean Mountain Range, is an endorheic, semi-arid catchment and the second largest mountain plateau
in the world. Several studies have highlighted the vulnerability of the Altiplano’s water resources to climate change. For
example, Lépez-Moreno et al. (2015) and Hunziker et al., (2018) documented temperature increases in the Altiplano in the
order of 0.20°C decade* for the periods 1965-2012 and 1981-2010, respectively. Hoffmann and Requena (2012) estimated the
impact of long-term temperature increments on water resources in the northern part of the Altiplano and concluded that it
would lead to a dramatic reduction of water in lakes, rivers, glaciers and wetlands, especially during the dry season. Using
time-series of satellite images, Cook et al. (2016) revealed a 43% reduction of the total glacial cover in the Bolivian Andean
Mountains in the period 1986-2014, which has given rise to new and potentially dangerous proglacial lakes. Vuille et al. (2008)
projected a decrease in water availability due to the retreat of Tropical Andean glaciers and the consequent decrease of their
reservoir effect. Using global and regional climate models, Thibeault et al. (2010), Seth et al., (2010) and Urrutia and Vuille
(2009) predicted changes in precipitation patterns that would lead to the intensification of floods and droughts in the area. In
addition to climate change, anthropogenic activities have increased the pressure on the Altiplano’s water resources and are
likely to exacerbate it further in the future. For example, annual quinoa yield, for which the Altiplano is a major producer,
escalated from 28,500 to 75,500 tons in Bolivia between 2008 and 2014 (INE, 2019). Satgé et al. (2017) showed increasing
ET rates over cropland in the Altiplano between 2000 and 2014, suggesting its connection to the agriculture intensification.
According to Buytaert. and De Bievre (2012) the projected population growth in the tropical Andes will increase water demand
by up to 50% in 2050. Based on population projections and glacio-hydrological simulations, Kinouchi et al., (2019) revealed

several scenarios of increase in water demand in Bolivia from 2011 to 2039 of magnitudes ranging from 15% to 53%. Mining,

2
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which is one of the main economic activities in the Altiplano, has increased significantly during the last decade leading to the
release of heavy metals and other pollutants into the water bodies thus impairing soil productivity, local fauna and human
water use (Perreault, 2013; Andreucci and Radhuber, 2017).

Lake Poopo, at the South East of the Andean Altiplano, is a shallow saline lake which supports livestock and fishing activities
of local communities (Zola and Bengtsson, 2006; Zola and Bengtsson, 2007; Satgé et al., 2017). More than half of Lake
Poopo’s annual input comes from the Desaguadero River, which originates from Lake Titicaca’s surcharge. Apart from rare
overspills towards the Laca Jahuira River, at the south end of the lake (Revollo, 2001; Zola and Bengtsson, 2007), the major
water loss mechanism of Lake Poop¢ is evaporation. The Desaguadero River and Poopd’s catchments undergo pronounced
wet and dry seasons, causing a rapid recharge of Lake Poop6 during the wet season, and a slower decline of water levels as
the evaporation exceeds the inflows in the dry season (Zola and Bengtsson, 2006). The annual maximum and minimum lake
extents strongly depends on the annual precipitation, as shown by Satgé, 2017. As a result of this dependency, Lake Poopd
dried completely on several occasions in the past after severe dry episodes, e.g. in the early 1940"s, 1970s, mid-1990°s and
late 2015 (Zola and Bengtsson, 2006).

Apart from the above mentioned specific extreme dry periods, some authors have claimed a declining trend in Lake Poopd
water storage in the last two decades (Arsen et al., 2014; Satgé et al., 2017). The latter author highlighted the clear decoupling
of the lake extent from the annual precipitation in 2013 and 2014. Several studies have related the lake’s decline to the
abovementioned pressures over the Altiplano water resources: rapid expansion of arable land in the catchment and an
associated increase of ET losses (Satgé et al., 2017); the decreasing flow discharge in the Desaguadero River, presumably
linked to irrigation uses (Zola and Bengtsson, 2006; Abarca- Del- Rio et al., 2012; Molina Carpio et al., 2014), and the

increased evaporation due to climate warming (Abarca- Del- Rio et al., 2012; Lopez-Moreno et al., 2015).

The lack of substantial ground-based hydro-meteorological observations and the large extent of the study area lead to the use
of remote sensing data techniques to map and monitor the Altiplano water resources trends. Earth observation satellites have
imaged the Earth periodically since the 1970s. These images can be processed to derive a wide range of spatial information of
paramount relevance for water resource monitoring, such as the extent of water bodies (Campbell and Wynne, 2011; Alsdorf
et al., 2007; Marti-Cardona et al., 2010; Marti- Cardona et al., 2013; Huang et al., 2018), the spatial distribution of rainfall
(Kidd, 2001; Espinoza et al., 2009; Bookhagen and Burbank, 2010), inland water surface temperature (Schneider and Hook,
2010; Crosman and Horel, 2009; Liu et al., 2015; Marti-Cardona et al., 2019), vegetation indexes (Chen et al., 2006; Xie et
al., 2008; Hermann et al., 2005; de Jong et al., 2011; Eckert et al., 2015; Duethmann and Bldschl, 2018) and ET dynamics
(Courault et al., 2005; Li et al., 2009; Karimi and Bastiaanssen, 2015; Marti- Cardona et al., 2016; Mo et al., 2017; Running
et al., 2017) among others.
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Satgé et al. (2017) used monthly satellite ET products to conduct a spatio-temporal assessment of ET losses in the Altiplano
for the period 2000-2014 and pointed at the ET increase from cropland as a key driver of Lake Poopd’s decline. The highest
increases in ET were located in the central and northern part of the Desaguadero-Poop6 (DP) system, despite the maximum
cropland expansion being reported at the south and southwest of Lake Poop06 by Jacobsen et al. (2011) and Ayaviri and Vallejos
(2014). So far, there is no integrated annual and seasonal assessment of precipitation, ET and vegetation tendencies for the

study area.

The study presented here undertook for the first time an integrated assessment of vegetation, ET losses and precipitation spatio-
temporal trends over the DP system. The study exploits the improved ET product from NASA’s Moderate Resolution Imaging
Spectroradiometer (MODIS, MOD16A2.006 Global Terrestrial Evapotranspiration 8-Day Global 500m; Running et al., 2017)
together with MODIS Terra and Aqua vegetation index product (MOD13Q1.006 and MYD13Q1.006 16-Day Global 250m;
Didan, 2015) and Climate Hazards Group InfraRed Precipitation with Station Data (CHIRPS ;Funk et al., 2014) precipitation
product. The processing was conducted using the new cloud-based Google Earth Engine, which enabled the integration of the
complete time series of daily and 8-day products for the period of analysis, involving over 5000 raster data sets. Temporal
trends of the vegetation amount, ET and precipitation were mapped for the entire study period, which encompassed the sharp
increase in quinoa yield. The trends for the wet and dry seasons were also analysed independently for the first time, as these
were as these were expected to intensify by Thibeault et al. (2010), Seth et al., (2010) and Urrutia and Vuille (2009). An
additional novelty of this study is the characterization of ET and vegetation amount trends and absolute values for the broad
land uses and geographical areas in the Altiplano. Although absolute values must be taken with caution due to their limited
validation over the study area, their temporal trends are robust, and they represent the relative water consumption among
different land covers. This information is of paramount relevance for sustainable land use planning and management of water
resources in the Altiplano. It is worth noting that, although final figures of precipitation inputs and ET outputs are provided
for the entire system, a water balance was not attempted and the main conclusions are drawn from the comparison of the

reliable temporal trends of those parameters.

2. Study area and period

The Andean Altiplano is the largest plateau on the Earth, after the Tibetan Plateau. The Altiplano has an approximate area of
192,000 km?, distributed over the countries as follows: Chile (4%), Peru (26%) and Bolivia (70%) and has an average elevation
of 4,000 m. The highest point is Mount Sajama (6,542 m) and the lowest is at the bottom of Lake Titicaca (3,533 m)
(OEA, 1996). It represents one of the poorest regions in South America with a total population of 2.2 million (OEA, 1996).
The region includes the Titicaca-Desaguadero-Poopé-Salares (TDPS) system with a total area of 143,900 km?
(Satgé et al., 2015) at an average elevation of 3,810 m. The TDPS system is an endorheic catchment that comprises a
physiographic region of South America located between latitudes and longitudes from 14° S to 21° S and from 71° W to 66°

W. The geographical limits of the system are: the Cordillera Occidental to the west, the Cordillera Real (separates the
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catchments of the Amazon) to the east, Lake Titicaca to the north and Salar de Uyuni to the south. This research will focus on
the DP system within the TDPS system, which is the surface catchment contributing runoff to Lake Poopd with an area of
approximately 58,000 km?2. The DP is an endorheic system with rare overspill discharge events towards Salar de Uyuni
(Revollo, 2001; Zola and Bengtsson, 2007). Below Lake Titicaca, the Desaguadero River conveys water from Titicaca to

Poopd, which is the adjacent area to this, the lowest point of the DP system, at an altitude of approximately 3,600 m.

Annual precipitation varies with the latitude, ranging from about 750 mm yr in the north to 160 mm yr in the arid south.
Rainfall is very unevenly distributed over the year with 95% of the annual precipitation falling between October and March,
while July and August are the driest months. The average annual temperatures are around 10°C, achieving their minimum
during the months of June and July and their peaks in the months of December and January. As it is a plain situated at high
altitude it undergoes large thermal amplitudes from -5 °C at night to 25°C at noon. Because of the altitude, the high solar
radiation generates intense potential evapotranspiration of 1,000-1,500 mm yr }(OEA, 1996). According to Pillco- Zola et al.,
(2019), the monthly average relative humidity varies between 52% and 68%. In terms of vegetation, 65% of the total vegetation
area is covered by grassland followed by alpine vegetation (12%), crops (11%), bareland (9%) and wetland (3%). The most
common crops in the Altiplano are potatoes and quinoa (Jacobsen, 2011; Canedo et al., 2016) being the largest quinoa
production area in the planet.

This study analysed the vegetation, evapotranspiration and precipitation spatio-temporal trends in the DP system for the period
2002-2014. The years 2015 and 2016 were excluded from the analysis due to the occurrence of an extreme EI Nifio
phenomenon, which significantly altered the hydrological trends. The trends were analysed considering the entire time series,
and also focusing on the wettest months, January and February, and the driest ones, July and August. The overall and seasonal

trends were mapped over the entire DP system, and also examined independently for the main land cover types.
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Figure 1. Study area with (a) the location of the TDPS system within the South American continent; (b) DP system within the
TDPS and (c) DP system, ROIs representative of land cover types, and location of meteorological stations.

5 3. Methodology

3.1 Experimental data
The remote sensing products and on-site records used in this study are listed in Table 1. Most of the analysis were carried out
using the Google Earth Engine (GEE) platform (Gorelick et al., 2017), which enabled the effective access and processing of

10 large spatio-temporal data sets.
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3.1.1 Satellite data

Two identical MODIS instruments are installed on board the Terra and Aqua satellites of the National American Space Agency
(NASA), each imaging the entire Earth twice daily. Optimal quality pixels (i.e. with no sub-pixel cloud, low aerosol nor sensor
view angle < 30 degrees) from consecutive MODIS images are selected and used to produce vegetation index maps at 8- day
intervals, made available from products MOD13Q1 and MYD13Q1 (Didan, 2015a, b). For the analysis of vegetation trends in
the DP system, this study used the Normalized Difference Vegetation Index (NDVI, Rouse Jr, 1974). The accuracy of
the MOD13Q1 and MYD13Q1 NDVI values for clear pixels is reported as + 0.025 (Gao et al., 2003).

Global evapotranspiration (ET) estimates are also derived from MODIS images combined with ancillary datasets made
available at 8-day intervals as product MOD16A2 (Mu et al., 2011; Running et al., 2017). These ET estimates account for the
actual (as opposed to potential) evaporation from canopy and soil, and for the real transpiration through plant’s stomata, and
are provided in mm day*. This study used the ET product MOD16A2 version 6, which improves the previous version 5 in
spatial resolution, from 1000 m to 500 m, and in the accuracy of near real-time surface weather data. It has been validated for
232 watersheds and 46 eddy flux towers (Running et al., 2017), and its accuracy has been assessed with an average mean
absolute error of about 24 %, within the 10-30% range of accuracy of ET observations (Running et al., 2017; Jian et al., 2004;
Kalma et al., 2008). Regarding the ET and NDVI products’ accuracy, it is important to note that they undergo strict, frequent

calibrations to ensure consistent measurements, and hence provide robust, reliable temporal trends.

MODIS surface reflectance (Vermote, 2015) data was acquired for 16 May 2012, at the end of the wettest season in the study

period, to generate a water mask. Table 1 provides an overview of the satellite data used.

Table 1. Datasets used in this study.

DATASETS
PRODUCT NAME MOD16A2 MOD13Q1 MYD13Q1 MODO09A1 SRTM CHIRPS

Physical magnitude ET NDVI NDVI Reflectance Terrain elevation Precipitation
Spatial resolution 500 m 250 m 250 m 500 m 30m 0.05 arc degrees
Temporal interval 8 days 16 days 16 days 8 days N/A Daily
Number of products used 16-May 2012 Mosaic of 10 granules

Entire study period 599 299 288 4748

Wet season 105 52 48 770

Dry season 104 52 52 806
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3.1.2 Precipitation data

Precipitation data were collected from on-site meteorological stations and from satellite rainfall estimation products. Monthly
precipitation data were obtained from twenty-one meteorological stations of the Servicio Nacional de Meteorologia e
Hidrologia de Bolivia (SENAMHI). Figure 1 shows the location of these stations, which is sparse and not well representative
of high elevation areas. In order to retrieve measurements from areas poorly gauged by meteorological stations, satellite
precipitation estimations from CHIRPS were used. CHIRPS is a global rainfall dataset at 0.05 arc degree resolution, derived
from satellite and in-situ precipitation measurements, developed by the U.S. Geological Survey (USGS) and the Climate
Hazards Group (Funk et al., 2015). CHIRPS precipitation data were successfully validated in areas adjacent to the DP system
by Satgé et al. (2019) and Canedo et al. (2018). Here, monthly accumulated precipitation from each on-site meteorological
station was compared to the one provided by its corresponding CHIRPS pixel. Fig. 2 depicts the scatter plot for the two data
sets, with showing a Spearman’s correlation coefficient (CC) of 0.87 with significant results and bias of 2.25 mm month
(Fig. 2). Given the agreement between the two data sets, the regional analysis of precipitation was carried out using CHIRPS
data, which provides full coverage of the DP system. A bias correction was not applied since only the precipitation temporal
trends, and not their absolute values, were needed for the purpose of this study. The lack of precipitation ground data for the
validation of the CHIRPS product over the highest parts of the DP system is acknowledged as a source of uncertainty, and

current efforts are in place to improve their gauging.
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Figure 2. Scatter plot of monthly satellite rainfall estimations (CHIRPS) versus rain gauges (SENAMHI).
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3.1.3 Topography model and land cover cap

Topographic data for the DP system was obtained from the Shuttle Radar Topography Mission (SRTM) terrain elevation model
(Farr et al., 2007). The terrain topography was used to delineate the DP watershed boundaries, to inform the delineation of
control regions and to interpret the study results. The study used the version 3.0 with 30 m of spatial resolution and an absolute
vertical accuracy of ~9 m (90 % confidence) or better (Rodriguez et al. 2005).

The land cover map Mapa de Cobertura y Uso Actual de la Tierra en Bolivia, COBUSO-2010 (UTNIT, 2011), was used to
inform the delineation of the control regions as explained in Section 3.2. Commissioned by the Bolivian Government,
COBUSO0-2010 is a country-wide, 30 m spatial resolution land cover map derived from 60 Landsat 5 scenes acquired between

2006 and 2010. This map contains 21 different land cover types within the DP system.

3.2 Definition of control areas for the main land cover types

In order to associate the mean ET and NDVI magnitudes and trends to the main land cover types in the DP system and to
explore their relative trends, eight broad land cover categories were defined based on the COBUSO-2010 classes. These
categories and the COBUSO-2010 classes they correspond to are briefly described below.

— Northern Crops corresponds to cropland areas located in the northern part of the system, which were under
exploitation long before 2002, the beginning of the study period. Northern Crops comprises Multiple Crops extracted
from COBUSO-2010.

—  Central Crops represents agricultural areas located in the central valley of the DP system on alluvial soils and rather
flat topography following the course of the Desaguadero River, grouping Multiple Crops from COBUSO-2010.
Besides Multiple Crops, some residual pixels belonging to Central Crops are classified as Semi-arid Grassland and
Wetland in COBUSO-2010.

—  Southern Crops are located south of Lake Poop6 and encompass the COBUS0-2010 land cover of Multiple Crops.

—  Cordillera Real groups Multiple Crops, Sub-humid Andean Forest, Scattered Vivacious High-Andean Vegetation and
Semi-arid Grassland located above 4200 m. All the covers are included in the same category, since their mixture
occurs at a scale difficult to separate at the ET product resolution. An abundance of irrigation systems has been
reported in this area by Canedo et al., 2016 together with an expansion of the mining activity (Perreault, 2013).

— Cordillera Occidental includes Scattered Vivacious High-Andean Vegetation and Scattered Puna in Sand areas in the
North West mountain range.

— Autochthonous Flora encompasses Semi-arid Grassland, Scattered Puna in Sand areas, Scattered Vivacious High-

Andean Vegetation and Sand Deposits in rare occurrences.
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— Wetland areas are located in the northern and north-western part of the system due to the high availability of water.
These areas represent flood zones with peculiar ecosystems and encompasses Wet Grasslands.
— Bare land groups Sand, Sault and Lacustrine deposits with almost no vegetation. The highest extent of bareland is

found in the arid south and southwest of the DP system.

Regions of interest (ROIs) were delineated for each of these categories (Fig. 1) and validated by site visits and by visual
inspection of multi-temporal, high resolution Google Earth images. Google Earth Engine Timelapse (Gorelick et al., 2017),
was used to ensure that the ROI’s land cover types had not changed during the study period. The ROIs were used to extract

per-class NDVI and ET annual values and trends as explained in Section 3.3.

3.3 Masking water pixels

A MODIS surface reflectance image from 16 May 2012 was used to calculate the Modified Normalized Difference Water
Index (MNDWI) (Xu, 2006) over the entire DP system. A safe threshold of -0.3 was applied in order to identify likely
waterlogged pixels and produce the MNDW!I water mask. This mask was applied to the MODIS NDVI products prior to any
analysis. It was not applied to the ET products since a water mask is already incorporated in their derivation. The May 2012
image was selected for the derivation of a water mask because it was acquired at the end of an extremely wet season, so it is
expected to capture water bodies and prone-to-flood areas at a close-to-peak water extent condition. A constant water mask,

as opposed to a time-varying one, was used for simplicity, although it may miss few, sporadic water-logged pixels.

3.4 Retrieval and mapping of vegetation, evapotranspiration and precipitation dynamics

Per pixel annual averages of NDVI, ET losses and precipitation were calculated for the study period, using the entire data set
of the corresponding MODIS products. Per pixel ET, NDVI and precipitation temporal trends and their significance were
assessed by calculating the Sen’s slope estimator (Sen, 1968) and Mann-Kendall (MK) test (Mann, 1957; Kendall, 1975) as
explained in the Section 3.4.1. Both, trend slope and MK test were applied to per-pixel data using the entire study period, and
also considering the wet and dry seasons independently. The approach of the study is based on how physical processes change
over time. This is the reason why the trend analysis was carried out under the assumption that the datasets follow a long-term

persistence viewpoint.

NDVI, ET and precipitation average values and trends were mapped over the entire DP system and analysed together with the
digital elevation model to identify physiographical regions exhibiting different temporal patterns. Average values and trends
of NDVI, ET and precipitation were averaged within the ROIs representative of the main land cover types, to identified

differential behaviours among them.

10
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3.4.1 Calculation of trends and their significance

Tests for the detection of trends in time series can be classified as parametric and non-parametric methods. Non-parametric
tests do not presume the data distribution, only require them to be statistically independent (Gocic and Trajkovic, 2013). The
Sen’s slope is a non-parametric method to measure data trends, robust to outlier values (Yue et al., 2002; Neeti and Eastman,
2011; Guay et al., 2014) which has become a common alternative to the Ordinary Least Squares (OLS) method in the last
decades for spatio-temporal vegetation and hydro-climatological analysis (Yue et al., 2002; Fernandes and Leblanc, 2005;

Wu et al., 2013; Gocic and Trajkovic, 2013). The Sen’s slope is calculated as follows:
Q = Median {2} fori=1,.., N @
Jj=i

Where Q is the slope, xjand x; are the values at time j and i (j > i) respectively and N is the number of time periods representing
the totality of the observations per pixel. Each point is compared with all the next data points and the median of the slopes is
used to characterize the trend. The significance of the time series trends was evaluated by the non-parametric MK test (Mann,
1957; Kendall, 1975). The MK is one of the widely used non-parametric test to detect monotonic trends of hydro-
meteorological data series (Dinpashoh et al., 2011; Shadmani et al., 2012; Fensholt and Proud, 2012; Fang et al., 2016, Fathian
et al., 2016). Due to the study analyses hydrological data which is not normally distributed, the non-parametric methods are
well suited for the detection of monotonic trends. The following equations show how to calculate the test statistic S and the
test statistic Z from the MK test:

§= Z?=_11 ?:i+1 Sgn(x]- - X;) )

—1, lf x]- — X <0
sgn (x]- - xi) =40, if x—x=0 3)
+1, if x—x;>0

where n is the length of the dataset, x; and x; represent data points in time series j and i, respectively (j > i). The difference of
the magnitude from each pair of values is compared (X; - X; ) when (j > i) following Eq.(3). Sgn (x; — Xi) is the function sign
whose value can be -1, 0 or 1. A positive S value means that the trend is increasing while a negative S value means that the

trend is decreasing. The variance of S is estimated by the following equation:

[n(-1@n+5)-39_, t;(t;-1)(2t;+5)]

Var (S) = 5

4)
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where g is the number of the tied groups in the data and tjis the number of data points in each tied group. The significance of

the trend can be found calculating Z value which is acquired as follows:

S-1

(Faws>0

Z={ 0, S=0 ®)
S+1 <0

| War®

In the present study, the significant level of Z was assessed at 99%, 95% and 90% interval of confidence for |Z| values higher
than 2.58, 1.96 and 1.64 respectively. Goodman (2001) shows in Table 1 “Bayesian Interpretation of P-values” the
correspondence between Z-score and the p-value. The MK test was assessed in all the NDVI, ET and precipitation spatio-

temporal trend analysis.

4. Results and discussion

4.1 Average NDVI, ET and precipitation maps

NDVI values averaged for the study period (Fig. 3a) range between 0.10 and 0.35 for virtually the entire DP system. The
greenest area, with NDVI values from 0.25 to 0.35, is located in the northern part of the catchment and contains dense
agricultural developments and areas prone to flooding. The smallest vegetation indices are found in the lowest elevation areas
of the central and southern plateau, and also in the mountainous north-west, contrasting with the greenness in the mountainous

eastern part of the system.

Average ET losses range from 145 to 550 mm yr* (Fig. 3b). They appear to be closely related to the terrain elevation,
increasing more rapidly with elevation over the Cordillera Real. The maximum ET values are observed in high elevation areas
of the Cordillera Real, followed by the northernmost part, where NDVI values are highest. The lowest ET losses occur in the

drier south-west, with average annual values under 250 mm yr=.

A north—south gradient is observed in the spatial distribution of precipitation, with annual values ranging from 750 mm yr-!
(in the north to 230 mm yrin the south (Fig. 3c). Detail analysis of precipitation patterns in the DP system can be found in
Garreaud, etal., 2003; Pillco et al., 2007.

12
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Figure 3. Spatial distribution of mean NDVI, ET and precipitation for the period 2002-2014 and terrain elevation of the DP system. (a)
Mean NDVI; (b) Mean ET; (c) Mean precipitation and (d) Terrain elevation.

4.2. Spatio-temporal trends in NDVI, ET and precipitation

Fig. 4 depicts the mean annual NDVI, the annual accumulated ET and annual precipitation integrated over the entire DP system

for every year in the study period together, with the change of water volume in Lake Poop6. The ET and precipitation time
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series show a mean increasing trend of 4.3 mmyr! and 5.2 mmyr! at a significance confidence levels of 90% and 95%,
respectively. This result strongly suggests that, from a catchment point of view, the increased ET water losses have been
compensated by increases in precipitation during the analysed period. The catchment-wide NDVI exhibits a slower and not-

significant increasing trend, mimicking to some degree the rainfall temporal pattern.

Fig. 5 illustrates the spatial distribution of the analysed temporal changes and their per-pixel significance. Fig. 5.a shows that
per-pixel vegetation changes across the entire period were small over most of the catchment. Two clusters of NDV1 trends can
be identified: one corresponds to the areas around Charahuaito (see Fig 5.a) in the southwest part of Aroma province, exhibiting
the largest positive NDVI change rate; the second cluster is located at the north end of the system, close to Machaca, and

exhibits a negative trend. Both clusters correspond to the areas with the highest mean NDV1 (Fig. 3).

The spatial distribution of ET temporal trends reveals highly significant increments over a large central part of the system
(Fig. 5.b), while the clearer negative trends are concentrated on the mountainous north-west area. Higher increasing trends
were observed in precipitation than in ET over the DP system, especially in the eastern and central parts of the system. No
clear spatial correlations between the NDVI and ET trends have been identified, suggesting that the increase in vegetation is

not the single main driver for the increase in ET losses.
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Figure 4. Evolution and temporal trends of annual ET and precipitation and mean NDVI over the entire DP system, and volume change in
Lake Poopd.
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Figure 5. Spatial distribution of NDVI, ET and precipitation trends during the study period. Mean NDVI change (a) was calculated
multiplying the trend by the time period. The spatial distribution of ET (b) and precipitation (b) represents annual changes (mm yr-1). Figures
(d), (e) and (f) show the spatial distribution of the significance level of the trends for the period 2002-2014 in the DP system. Green colour
represents pixels without significance in their results. The difference in the pixel size is due to the different spatial resolution of the products.

Some differences were observed in the spatial distribution of increasing ET trends when compared with those reported by
Satgé et al. (2017). The latter authors observed statistically significant ET increases in the north of the catchment (see hatched
area in Fig. 5b). In this research, the highest increases were observed over a larger, central part of the system. Significant

increases were also observed in the south, where the expansion of quinoa crops was reported by Jacobsen et al. (2011). Some
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differences between the studies by Satgé et al. (2017) and the one presented here that may explain the different observations
include: Satge et al. (2017) used approximately 180 ET products at monthly intervals for the period 2000-2014, while this
study used a total of 599 ET products at eight-day intervals, from 2002 to 2014. Furthermore, Satge et al. (2017)’s analysis

used the MODIS ET product version 5, at a spatial resolution of 1000 m, whereas this research benefitted from the latest
version 6 of the same product, at a spatial resolution of 500 m.

When considering seasonal temporal trends, the wet season presents statistically significant increases in NDVI, ET and

precipitation whereas the dry season shows no changes or slight decreases (Table 3, Fig. 6). In the wet season, NDVI
increments occur largely over areas of high mean NDVI. However, the limited degree of correlation between NDVI and ET

trends reinforces the hypothesis that NDVI is not the single main driver of ET changes in the DP system. The greatest

precipitation increases were observed in mountainous areas over the wet season. The increased rainfall is partially transported

via the stream network or aquifer to the lowlands, which could explain the observed ET increase in the central part.
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Figure 6. NDVI, ET and precipitation spatio-seasonal trends over the DP system for the period 2002-2014: NDVI mean change

for (a) wet season and (d) dry season; ET mean annual change (mm yr-1) for (b) wet season and (e) dry season and precipitation
mean annual change (mm yr?) for (c) wet season and (f) dry season.
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Table 2. Regional annual ET mean changes in the DP System from 2002-2014. NDVI mean change for the study period 2002-2014. Statistics
obtained from the non-parametric Mann Kendall test.

STATISTICS OF SEASONAL SPATIO-TEMPORAL ANALYSIS
Wet period Dry period
NDVI ET Precipitation NDVI ET Precipitation
Sen’s slope 0.049 10.7 mm yr! 13.26 mm yrt 0.002 -0.7 mmyr? 0.26 mm yrt
p value 0.06* 0.03** 0.06* 0.02** 0.24 0.15
% of significant pixels 51% 66% 40% 70% 20% 28%

* Significant at 90% confidence level

**Significant at 95% confidence level

4.3 Per land cover analysis of ET and NDVI trends

ET trends were positive in most of the scenarios except for the dry season (Fig. 7). The land cover with the highest increases
was Central Crops, with trends of 5.7 mm yr?, 16.3 mm yr! for the entire period and wet season, respectively. Southern Crops
and Cordillera Real showed the next highest results after Central Crops, with significant increases during the entire period and
wet season, contrasting with no changes during the dry season. Northern Crops experienced the highest decreases during the
dry season. The analysis of the entire period revealed almost no changes for Wetlands and Cordillera Occidental. The trend of
these land covers changed slightly during the wet months, with increases around 7-8.3 mm yr. During the dry season,
Wetland and Cordillera Occidental showed decreasing trends. Significant increases of ET during the wet season were observed

in Bareland and Autochthonous Flora. Table 3 shows the significance confidence level of the land cover trends.

The positive trends observed over natural land covers is probably related to environmental factors, such as warmer
temperatures (Hunziker et al., 2018; Lopez-Moreno et al., 2016), increases in glacial meltwater runoff (Vuille et al., 2008;
Cook et al., 2016) or changes in the rainfall patterns discussed in previous sections (see Fig. 4). The difference between
cropland areas and the rest of the land covers could be related to non-environmental factors. Bolivia is one of the largest
exporting countries of quinoa. In the last two decades, the production of quinoa in Bolivia has increased significantly (INE,
2019) responding to a growing international demand. Because the study focuses on static ROIs, the larger increases of ET in
cropland areas than in the rest of the land covers may be related to changes in the irrigation management, in order to meet
international demand. However, there is a significant general increase of ET affecting all the land covers. The analysis of mean
annual water losses per land cover type showed Eastern Cordillera, Cordillera Occidental and Northern Crops as the land

covers with the highest ET mean annual values (Fig. 7).
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Table 3. Result of the MK test.

STATISTICS OF LAND COVER SPATIO-TEMPORAL ANALYSIS
NDVI ET
LAND COVERS Entire period Wet period Dry period Entire period Wet period Dry period
Bareland 0.42 0.34 0.36 0.01** 0.03** 0.38
Wetlands 0.3 0.33 0.32 0.21 0.33 0.44
Cordillera Occ. 0.24 0.28 0.01** 0.36 0.32 0.24
Cordillera Orient. 0.03** 0.06* 0.00** 0.03** 0.26 0.36
Autochthonous Flora 0.01** 0.16 0.03** 0.04** 0.09* 0.21
Northern Crops 0.14 0.09* 0.22 0.11 0.18 0.34
Central Crops 0.00** 0.00** 0.08* 0.00** 0.02** 0.48
Southern Crops 0.00** 0.00** 0.00** 0.02** 0.02** 0.42
* Significant at 90% confidence level
** Significant at 95% confidence level
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5 Figure 7. ET and NDVI annual land cover trends with a mean of the values corresponding to the entire period and the significance level. (a)
Mean ET annual changes (mm yrt) and mean ET (mm yr?) over different land covers and (b) Mean NDVI change and mean NDV| for the
same land covers as in ET analysis.
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The results of the vegetation land cover analysis revealed interesting and comparable patterns of seasonal vegetation trends.
Over the period 2002-2014, land cover NDVI trends were generally positive across the DP system (see Fig. 7b), especially
during the wet season. As in the ET analysis, the land cover presenting the highest increases was Central Crops. Greater
increases for Northern Crops and Southern Crops than for Cordillera Real were noticed during the wet season. Wetland was
the land cover without human activity that presented higher increases during the wet season, followed by Autochthonous flora.
Cordillera Occidental and Bareland did not present significant changes in their dynamics for the entire period. The situation
could be related to the lack of vegetation in those areas. No remarkable changes were noticed during the dry season in all the
land covers. Wetland and Northern Crops were the only land covers showing negative trends during the entire period. The
higher increases in cropland areas, especially during the wet season when vegetation is developing and needs a greater amount

of water, may be related to some changes in the water management of the area.

5. Conclusions

With the aim of exploring catchment changes that may have impacted the Lake Poopd water balance, this study has undertaken
a comprehensive spatiotemporal analysis of changes in vegetation, evapotranspiration losses and precipitation over the DP
system for the period 2002-2014, using more than 5000 satellite products. Temporal trends of these parameters have also been

quantified for the main land cover classes in the area.

The analysis of vegetation changes throughout the entire study period shows slight positive and negative trends distributed
over the catchment. Two clusters of consistent trends can be identified: one corresponds to areas around Charahuaito and
exhibits the largest positive NDVI change rates; the second cluster, close to Machaca, shows decreasing trends. Both clusters
correspond to the highest NDVI areas, indicating that the clearest, large-scale vegetation changes occurred in the most
vegetated areas. The spatial distribution of ET temporal trends reveals significant increases over a large central part of the
system. The clearest negative trends concentrate on the mountainous northwest area, consistent with the finding of Satgé et
al., (2017).

The seasonal analysis of temporal trends revealed striking differences between wet and dry seasons. The trends of NDVI, ET
and precipitation in the dry season were either slightly negative or approximately null, whereas the wet season showed
increasing trends which are significant over more than 60% of the catchment area. This increasingly uneven seasonal dynamics

are presumably related to comparable trends in weather and precipitation patterns and are currently under investigation.

ET losses and their trends have been estimated for the main land covers in the DP catchment. Their values indicate that the

land covers with higher water consumption are: Cordillera Real, Cordillera Occidental, Northern Crops, Wetlands and Central
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Crops with average values of 500, 410, 410, 370 and 310 mm yr ! respectively. This quantification of water consumption per
cover type provides crucial information for the sustainable planning of agriculture exploitation and water resource use in the

DP system.

Among the analysed land cover classes, only those including crops, i.e. Central and Southern Crops, plus Cordillera Real, have
experienced an increase in NDVI and evapotranspiration losses, while natural covers showed either constant or decreasing
NDVI trends together with increases in ET. The larger increase in vegetation and ET losses over agricultural regions, strongly

suggest that cropping practices exacerbated water losses in these areas.

The NDVI and ET values averaged annually over the DP system increased at a mean rate of 0.001 yr* and 4.3 mm yr%, which
yields a mean NDVI and annual ET increments of 0.14 and 56 mm for the 14-year study period. Water inputs into the system
due to precipitation increased at a mean rate of 5.2 mm yr?, exceeding the ET rise rate. On the other hand, no neat spatial
correlations between NDVI and ET trends have been identified, indicating that the NDVI is not the single main driver for the
increase in ET losses. These results indicate that, despite the intensification of agriculture in the DP system between 2002 and
2014 increased the ET losses, these cannot be the directly linked to the Lake Poopé shrinkage. These results urge the
investigation of trends in other lake water balance terms, such as the flow discharge in the Desaguadero River other tributaries,

the evaporation losses and the water exchange between the lake and the aquifer.
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