Science of the Total Environment 804 (2022) 150112

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o«
Total Environment

Review Article

Progress in understanding the hydrology of high-elevation Andean )

Check for

grasslands under changing land use s

Giovanny M. Mosquera **, Franklin Marin >, Margaret Stern ¢, Vivien Bonnesoeur ¢,
Boris F. Ochoa-Tocachi ™€, Francisco Roméan-Dafiobeytia !, Patricio Crespo ¢

2 Instituto Biosfera, Universidad San Francisco de Quito USFQ, Diego de Robles y Via Interocednica, Quito 170901, Ecuador

b Departamento de Recursos Hidricos y Ciencias Ambientales & Facultad de Ingenieria, Universidad de Cuenca, Av. 12 de abril, Cuenca 010203, Ecuador
¢ Facultad de Ciencias Agropecuarias, Carrera de Ingenieria Agronémica, Universidad de Cuenca, Av. 12 de octubre, Cuenca, Ecuador

4 EcoDecisién, Av. 6 de diciembre y Portugal, Edif Zyra, Ofic. 705, Quito, Ecuador

€ Iniciativa Regional de Monitoreo Hidroldgico de Ecosistemas Andinos (iMHEA), Av. Ricardo Palma 698 - Miraflores, Lima 18, Peru

f Consorcio para el Desarrollo Sostenible de la Ecorregién Andina (CONDESAN), Calle Codornices 253 - Surquillo, Lima 34, Peru

& ATUK Consultoria Estratégica, Luis Pasteur 2-30, Cuenca 010105, Ecuador

" Department of Civil and Environmental Engineering, Imperial College London, Skempton Building - South Kensington Campus, London SW7 2AZ, UK

HIGHLIGHTS

Systematic literature review on tropical
high Andean grassland hydrology
Hydrological research has focused on
paramo rather than jalca or puna eco-
systems.

Grassland conservation improves soil
water infiltration and reduces soil ero-
sion.

Pine afforestation of conserved grass-
lands negatively affects hydrological
services.

Hydrological impacts of grazing and cul-
tivation depend on land management
history.

ARTICLE INFO

Article history:

Received 19 June 2021

Received in revised form 30 August 2021
Accepted 30 August 2021

Available online 4 September 2021

Editor: Fernando A.L. Pacheco

Keywords:
Ecosystem services
Alpine grassland
Tussock grass

Land use

Land cover
Ecohydrology

* Corresponding author.

GRAPHICAL ABSTRACT

Progress in Understanding the Hydrology of High-Andean Grasslands

under Changing Land Use
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Hydrological research has focused on paramo rather
than jalca or puna ecosystems

Grassland conservation improves soil water
infiltration and reduces soil erosion

Pine afforestation of conserved gras
affects services

Systematic literature review on

tropical high Andean grassland Hydrological impacts of grazing and cultivation
hydrology depend on land management history

Giovanny M. Mosquera, Franklin Marin, Margaret Stern, Vivien Bonnesoeur, Boris F. Ochoa-Tocachi,
Francisco Roman-Dafiobeytia, Patricio Crespo

ABSTRACT

High-elevation grasslands worldwide provide essential hydrological services including water provision, flow reg-
ulation, and erosion control. Despite their importance, hydrological research of grasslands in montane regions is
usually scarce and disperse, limiting the capacity to improve water resource management. We present a system-
atic literature review of the hydrological function of high Andean grasslands under conserved, degraded, and re-
stored conditions in ecosystems situated above the tree line in the tropical Andes (paramos, punas, and jalcas).
Most hydrological research on these grasslands has been developed in paramos (92%), especially in Ecuador,
while research in punas is scarce (6%) despite being the largest grassland extent in the region. For paramos, pub-
lished literature highlights the importance of conserving grasslands to facilitate water infiltration to soils, which
in turn reduces erosive processes. Water-vegetation relations for conserved paramos are well understood, indi-
cating that about 50% of water inputs return to the atmosphere via evapotranspiration, but knowledge about hy-
drological functions of conserved punas and jalcas is virtually non-existent. Under changing land use,
afforestation of grassland ecosystems with exotic tree species, especially pines, reduces soil water storage as
well as water yield and flow regulation capacity. Impacts of grazing and agriculture on the hydrological function
of paramo grasslands strongly depend on historical land management and current land use practices and are not
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generalizable. Short-term restoration studies indicate that more than two years are necessary to recover the hy-
drological function of degraded grasslands, therefore medium and long-term studies are required to determine
efficient restoration periods. These knowledge gaps limit the ability to extrapolate and regionalize findings. Fu-
ture directions aimed to fill them are proposed, and methods successfully used to investigate the hydrology of
high Andean grasslands are highlighted. This research not only enlightens what is known about the hydrology
of high Andean grasslands, but also seeks to guide future hydrological evaluations to fill identified geographical
and topical knowledge gaps precluding improved management of water resources in the tropical Andes.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction jalca, and humid and dry puna (Josse et al., 2009). Ecologically, the

High-elevation ecosystems provide essential water-related services
to surrounding and downstream areas (Immerzeel et al., 2020; Viviroli
et al., 2020). Tussock grasslands are found at the highest and longest
mountain ranges of the planet - the Himalayas, Andes, Alps, the Tibetan
Plateau, and the Ural and Altai mountains — where they form the dom-
inant vegetation in many montane ecosystems above tree-line (Dixon
et al,, 2014). These grasslands represent an important ecological re-
source contributing to the provision of hydrological services including
water yield, flow regulation, and erosion control, and they play a crucial
role in supplying the water needs of millions of people worldwide
(Pomeroy et al., 2015). Nonetheless, there is still a tendency to associate
hydrological benefits solely to forests and forestation, whereas the hy-
drological role of high-elevation grasslands is generally marginalized
(Aide et al., 2013; Bonnesoeur et al., 2019; Calder, 2007; Farley et al.,
2005; Garcia-Chevesich et al., 2017; Jones et al., 2017). Hence, under-
standing the hydrological functioning of high-elevation grasslands and
how they are influenced by land use change is critical to secure a
sustained management of water resources in mountain regions where
grasslands dominate.

In the tropical Andes, high-elevation grasslands - often dominated
by tussock grass genera Calamagrostis, Festuca and Stipa — occur over
vast areas at elevations between ~3000-5000 masl, above the tree line
and below the perennial snow line, in ecosystems known as paramo,

paramos have the most biologically and structurally diverse montane
flora in the world and are an integral part of the renowned tropical
Andes biodiversity hotspot (Luteyn, 1999; Young et al., 2015). Hydro-
logically, these grassland-dominated ecosystems collect, store and sup-
ply water for domestic, agricultural, irrigation, hydropower, and
recreational needs in the region (Buytaert et al., 2006a; Correa et al.,
2020; Madrigal-Martinez and Miralles i Garcia, 2019; Rolando et al.,
2017). Water originated from them is therefore of paramount impor-
tance for the socio-economic development of the Northern and Central
Andean countries of Venezuela, Colombia, Ecuador, Peru, and Bolivia
(Célleri and Feyen, 2009; Young et al., 2015).

Land cover change associated with agricultural land use has been oc-
curring over thousands of years in the tropical Andean highlands
(Young, 2009). Natural grasslands have been used extensively for live-
stock grazing and small-scale to industrial cultivation of food crops.
Fires associated with those activities have been the most significant
human impact on these high-elevation grassland ecosystems (White,
2013). Post-fire vegetation recovery varies according to the intensity
and extent of fires and floristic composition, but tussock grasses are
rarely killed by fires (Hofstede et al., 1995) and their regeneration
rates appear to be relatively high (Zomer and Ramsay, 2020). Over the
last 50 years, the practice of afforestation in Andean grasslands, particu-
larly with exotic pine species, has also contributed to changes in land
cover at high elevations (Farley, 2007; Marin et al., 2018; Quiroz
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Dahik et al., 2019). Both government agencies and private companies
promoted forestry with exotic pines on high-elevation grasslands -
with questionable arguments, yet significant social acceptance - for its
potential provision of numerous ecosystem services: wood production,
carbon sequestration and storage, water production and regulation, and
erosion control (Hofstede et al., 2002; Quiroz Dahik et al,, 2019, 2021).

All these human activities lead to land use and land cover change of
natural grasslands which impacts the provision of hydrological services
(Célleri and Feyen, 2009; Lazo et al., 2019). However, little is known
about the qualitative and quantitative nature of those impacts, nor the
impacts of restoration measures to recover the hydrological functioning
of high-elevation grasslands. Amid rapidly growing interest by public
and private water-related utilities, water managers and environmental
authorities in Andean countries to develop integrated and multi-
stakeholder plans to manage watershed services and provide a reliable
water supply to downstream users (e.g., Autoridad Nacional del Agua,
2020; Bremer et al., 2016; Coronel, 2019), there is immediate need for
increased knowledge of the ecohydrology of high-Andean grasslands
(Aparecido et al., 2018; Mosquera et al., 2016a; Wright et al., 2017).
To that end, we present a systematic review of the heretofore dispersed
literature on the impacts of land use change and the effects of restora-
tion practices on the hydrology of grasslands in the tropical Andes.

A recent multicomponent bibliometric analysis (Verrall and
Pickering, 2020) highlighted that even though hydrological and land
use change research on high-elevation grassland vegetation has expo-
nentially increased worldwide over the last five decades, gaps remain,
including in the tropical Andes and especially in understudied ecosys-
tems. Therefore, a synthesis and evaluation of knowledge regarding
the impact of land use change on the hydrological function of Andean
grasslands is highly relevant to illuminate what is known, the field
methods that work best under specific conditions, and to help identify
topical and geographical areas across the region where insufficient or
inexistent knowledge limits the management of water resources. The
synthesis is also adequate to develop an agenda that will guide hydro-
logical research in the Andean highlands in the coming decades. To
this end, the following questions were addressed through synthesis of
available information:

- How does the hydrological functioning of grasslands influence the
ecosystem services of water provision, flow regulation, and erosion
control in the tropical Andes?

- How do land use and restoration practices implemented in tropical
Andean highlands affect the hydrological functioning of the region's
grasslands?

2. Methods
2.1. Literature search

Initially, a list of search terms in English and Spanish related to the
provision of the hydrological services of interest (i.e., water yield, flow
regulation, and soil erosion mitigation) by tropical Andean grasslands
was defined. The search terms were grouped into four categories:
(1) land cover (e.g., tussock grass, grassland, bunchgrass, pajonal,
pastizal), (2) geographical setting (e.g., paramo, puna, jalca,
Venezuela, Colombia, Ecuador, Peru, Bolivia), (3) hydrological processes
(e.g., streamflow, runoff, evapotranspiration, infiltration, soil moisture),
and (4) hydrological services (e.g., water yield, streamflow regulation,
erosion control) and human activities (e.g., grazing, cultivation, burning,
afforestation). The complete list of search terms in each category is pre-
sented in Supplementary Material. The Boolean operator “AND” was
used among the terms in each category and the Boolean operator “OR”
was used to connect the terms among categories 1-4. The terms were
searched in the title, abstract, and keywords of articles and books
indexed in the Scopus, Web of Science, Ovid, and Scielo databases on
June 2, 2020. Additionally, a “citation chasing” strategy was carried out
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by scrutinizing and selecting relevant references included in the origi-
nally selected documents. The search procedure is presented as a
PRISMA flow diagram (Fig. 1; Page et al., 2021). It yielded a total of 38
published studies related to the hydrology of grasslands in the tropical
Andes (listed in Supplementary Material) and 75 others that were ex-
cluded for their geographical range outside of the tropical Andes. Addi-
tionally, eight studies on the restoration of grasslands on the Tibetan
plateau will be referred to in Section 2.4.

2.2. Data extraction and analysis

The compiled literature was used to develop a qualitative assess-
ment of the knowledge surrounding hydrological function of high-
elevation grasslands in the tropical Andes. Due to scarce data for most
variables of interest, a quantitative evaluation was possible only for
soil moisture for which an analysis was conducted on the impacts of
pine afforestation and cattle grazing on soil moisture content. To that
end, publications included in the analysis reported field and laboratory
data on the moisture content of soils covered by tussock grasslands to a
depth of 30 cm, assumed as the greatest depth that hydraulic soil prop-
erties would be influenced by tussock grass root systems following
change in land use or land cover (Marin et al., 2018). Field data included
soil moisture content from in situ samples measured using properly cal-
ibrated probes. Laboratory data only considered soil moisture content at
saturation as representative of the wet range of the water retention ca-
pacity of volcanic ash soils that were the dominant soils at sites in the
compiled literature. These stipulations have become important due to
discrepancies found between measures of soil water retention capacity
made under field conditions and those using standard laboratory
methods (Mosquera et al., 2020b). Relevant soil moisture content data
were extracted from tables and figures. Data from figures was extracted
using the Engauge Digitizerv.10.11 software (Mitchell et al,, 2020).

The potential impact of land use change on field and laboratory soil
moisture content was evaluated by the relative percentage change (Cr;
Luo et al.,, 2010) as a measure of effect size:

~ SMCp—SMCc
r=""ge x 100 (1)

where SMCp and SMC¢ represent soil moisture content under disturbed
and conserved conditions, respectively. Positive (negative) Cr values
indicate an increase (reduction) in soil moisture content due to a
given intervention (e.g., land use change or restoration practice). Statis-
tical significance of changes in soil moisture content due to the evalu-
ated interventions was assessed through the Student's t-test (p-
value < 0.05) for normally distributed and homoscedastic data. For data
not accomplishing these statistical assumptions, statistical significance
was evaluated using the Mann-Whitney U test (p-value < 0.05).

3. Results
3.1. Geographic and thematic distribution of scientific information

The spatial distribution of high-elevation grassland ecosystems
(paramos, jalcas, punas) across the tropical Andes and the sites where
their hydrology has been studied is shown in Fig. 2. Although the
humid and dry punas cover by far the largest area (498,095 km?,
i.e., 85% of the total area of high Andean grasslands in the region;
Fig. 3a), extending from north-central Peru to western Bolivia, few stud-
ies (6%; Fig. 3b) have been conducted in these ecosystems, mainly in
central Peru. Similarly, few studies have been carried out in the jalcas
(19,754 km?, 3% of the total grassland area) that are restricted to north-
ern Peru and considered to be a type of pdramo or a transitional zone
between paramo and puna (Josse et al., 2009; Luteyn, 1999). Most re-
search (92%; Fig. 3b) has been carried out in paramos extending from
western Venezuela to northern Peru (66,366 km?, corresponding to
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Fig. 1. PRISMA 2020 flow chart (Page et al., 2021) of the systematic literature review. A color version of this figure is available in the online version of this article.

12% of the total grassland area; Fig. 3b); note the high density (79%) of
paramo study sites in Ecuador as compared to other tropical Andean
countries in Fig. 2.

The hydrologic parameters most studied over all high Andean grass-
land ecosystems were streamflow production (29%), soil moisture
(21%), evapotranspiration (15%), and infiltration (10%; Fig. 3c and
Table 1). Other research topics included fog capture, peak flow,
streamflow regulation, and soil erosion, which together account for
25% of the total. Most research was conducted at the catchment (53%)
and plot (38%) scales, with only few conducted at the landscape scale
(9%; Fig. 3d). The main research interest has been on the effects of
land use or cover change on the hydrology of tropical Andean grasslands
(63%) and their hydrological function under natural conditions (31%),
with much less attention given to the recovery of those functions (6%;
Fig. 3e).

3.2. Hydrological function of conserved grasslands in the tropical Andes

3.2.1. Water flux through soil-vegetation-atmosphere continuum

Tussock grasslands play an important role in the hydrological func-
tion of many tropical montane ecosystems where one of the main fac-
tors influencing water flux in the soil-vegetation-atmosphere
continuum is evapotranspiration (ET) (Aparecido et al., 2018). These
exchange dynamics not only influence the amount of precipitation
(P) that infiltrates the soil, produces streamflow (Q), and recharges
groundwater (GW), but also how much water returns to the atmo-
sphere through the evaporation of intercepted water by vegetation
and plant transpiration (Savenije, 2004). Due to the importance of this
water balance component in the provisioning of hydrological services,
it has been the focus of recent research efforts in the tropical Andes
using a variety of techniques (Carrillo-Rojas et al., 2019; Ochoa-
Sanchez et al., 2019).

The Eddy Covariance technique - considered the most accurate
method to estimate actual ET (ET,) (Aubinet et al., 2012) — was applied
for the first time in Andean paramo grasslands by Carrillo-Rojas et al.
(2019) who reported that this water balance component accounted
for 51% of annual P (635 & 9 mm yr™! during the period 2016-2018);
a lower value than the Eddy Covariance-based ET, estimates for an
alpine tundra in the USA (59%; Knowles et al.,, 2015) and alpine

meadows on the Tibetan Plateau, China (61-70%; Coners et al., 2016;
Gu et al., 2008). Using the relation between ET, and the reference ET
(ET;), Carrillo-Rojas et al. (2019) reported crop coefficients (ET./ET;)
of 0.90 and 0.78 with respect to the FAO56PM (Allen et al., 1998) and
ASCE-ERWI (Walter et al., 2004) ET, models, used as standard for
estimating ETg by the Food and Agriculture Organization and the
American Society of Civil Engineers, respectively. Eddy Covariance
ground observations were further used to evaluate the accuracy of the
state-of-the-art Community Land Model (CLM) version 4.0 (Lawrence
etal, 2011) to simulate ET, (Carrillo-Rojas et al., 2020). Their findings
indicated that despite an ~10% overestimation of ET, flux, the model
produced reliable estimations of this water balance component,
particularly at monthly and annual time scales. Considering the large
proportion of P returning back to the atmosphere and the high crop co-
efficients identified, these results highlight the essential value of accu-
rately estimating this water flux to close the water balance at the
catchment and ecosystem scales (Carrillo-Rojas et al., 2016; Ochoa-
Sanchez et al,, 2019). They also highlight that the Eddy Covariance
method, in combination with emerging modeling techniques (i.e., land
surface models such as CLM; Lawrence et al., 2011), can be a reliable
tool not only to estimate water losses from Andean grasslands, but
also to predict changes in ET flux due to anthropic pressures and cli-
matic effects (Carrillo-Rojas et al., 2020). The Eddy Covariance tech-
nique was also used at a paramo grassland site to assess the relative
importance of different environmental factors on ET temporal variabil-
ity on an event-based time scale (Ochoa-Sanchez et al., 2020). Their re-
sults indicate that ET is controlled mainly by net radiation, with wind
speed, aerodynamic resistance, and surface resistance acting as second-
ary controllers, particularly during dry periods.

Efforts to separate the components of the ET flux into evaporation
and transpiration have also been made. Ochoa-Sanchez et al. (2018)
looked at water loss due to the evaporation of intercepted P (intercep-
tion loss) from the long needles of tussock grasses, the dominant vege-
tation type on many Andean paramos, and reported a water storage
capacity of 2 mm. They also found that interception loss values, as a pro-
portion of cumulative P during rainstorm events, varied greatly: usually
increasing >80% during low intensity rainstorm events, but decreasing
up to 10% during high intensity rainstorm events. Given that low inten-
sity rainfall events occur frequently on paramos (Padrén et al., 2015),
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Fig. 2. Spatial distribution of the high-elevation grassland ecosystems (paramo, jalca, and moist and dry puna) in the tropical Andean countries of Venezuela, Colombia, Ecuador, Peru, and
Bolivia (shown in gray in the inset map of South America). The crosses indicate study sites referred to in the systematic review of literature on the hydrology of Andean grasslands. The
information required to reproduce the figure is presented as supplementary material. A color version of this figure is available in the online version of this article.

this factor may explain the high ET of tropical Andean tussock grass-
lands, similar to previous reports from grassland-dominated ecosys-
tems at other latitudes (Coners et al., 2016; Gu et al., 2008; Knowles
et al., 2015). At the same study site, grassland transpiration - estimated
as the change in soil moisture at the rooted layer during dry periods -
varied between 0.7 and 2.7 mm day™! (1.5 mm day 'on average) with
the temporal variability primarily controlled by vapor pressure deficit
and air temperature (Ochoa-Sdnchez et al., 2020). Given that

transpiration flux was always lower than ET even during dry periods,
the authors concluded that overall transpiration accounted only for a
small proportion of ET, with interception loss being the dominant
water loss mechanism of the system.

Using a nested system of paramo catchments in southern Ecuador,
Mosquera et al. (2015) applied the closure of the water balance ap-
proach to investigate how the spatial extent of undisturbed tussock
grasslands influences ET flux across catchments. ET was estimated as
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Fig. 3. Synthesis of published literature presenting data on the hydrological function of high Andean grasslands. A color version of this figure is available in the online version of this article.

Table 1
Summary of the 38 papers identified (listed in supplementary material) that analyzed hydrological components of high-elevation grasslands in the tropical Andes.
Hydrological process or Number of Number of sites per Ecosystem  Spatial scale of  Evaluation References”
service studies country analysis type?
Evapotranspiration 7 Ecuador (7) Paramo Landscape (1)  No comparison (6) [1][2][3][4][5][6][7]
(10) Catchment (8)  LU/LC impact (4)
Plot (2)
Fog capture 2 Colombia (2) Pédramo Catchment (1)  No comparison (2) [8][9]
(10) Plot (1)
Streamflow production 14 Colombia (1) Paramo Catchment LU/LC impact (15) [6][7][10][11][12][13][14][15][16][17][18][19][20][21]
Ecuador (10) (12) (17) No comparison (4)
Peru (5) Puna (4)
Bolivia (1) Jalca (1)
Peak flow 2 Ecuador (2) Paramo (2) Catchment (2) No comparison (1) [6][22]
Plot (1) LU/LC impact (1)
Streamflow regulation 4 Ecuador (4) Piaramo (3) Catchment (3) No comparison (3) [6][10][12][13]
Soil infiltration 5 Colombia (1) Paramo (5) Plot (4) LU/LC impact (4)  [23][24] [25] [26] [27]
Ecuador (4) Landscape (1)  Restoration (2)
Soil moisture 10 Colombia (1) Péaramo Plot (11) No comparison (2) [26][27][28][29][30] [31] [32] [33][34] [35]
Ecuador (13) (15) Landscape (3)  LU/LC impact (11)
Peru (1) Restoration (2)
Soil erosion 4 Ecuador (3) Péramo (3)  Plot (3) LU/LC impact (2)  [25][36] [37] [38]
Peru (1) Restoration (2)

2 “No comparison” refers to the hydrological parameter in high-elevation Andean grasslands under natural conditions, and “LU/LC” to the impacts of land use or cover change on the

parameter.

b References: [1] (Carrillo-Rojas et al., 2019), [2] (Carrillo-Rojas et al., 2020), [3] (Ochoa-Sanchez et al., 2018), [4], (Ochoa-Sanchez et al., 2019) [5] (Ochoa-Sanchez et al., 2020), [6]
(Mosquera et al., 2015), [7] (Buytaert et al., 2006c), [8] (Tobon and Gil Morales, 2007), [9] (Cardenas et al., 2017), [10] (Mosquera et al., 2016a), [11] (Mosquera et al., 2016b), [12]
(Mosquera et al., 2012), [13] (Lazo et al., 2019), [14] (Correa et al., 2017), [15] (Correa et al., 2020), [16] (Buytaert et al., 2007), [17] (Crespo et al., 2011), [18] (Crespo et al., 2010), [19]
(Ochoa-Tocachi et al., 2016a), [20] (Buytaert et al., 2006a), [21] (Ochoa-Tocachi et al., 2016b), [22] (Correa et al., 2019), [23] (Benavides et al., 2018), [24] (Suarez et al., 2013), [25]
(Poulenard et al., 2001), [26] (Oscanoa and Flores, 2016), [27] (Tacuna et al,, 2015), [28] (Mosquera et al., 2020a), [29] (Tenelanda-Patifio et al., 2018), [30] (Montenegro-Diaz et al.,
2019), [31] (Marin et al., 2018), [32] (Buytaert et al., 2005), [33] (Farley et al., 2004), [34] (Harden et al., 2013), [35] (Oscanoa and Flores, 2019), [36] (Harden, 1988), [37] (Harden,
1993), [38] (Molina et al., 2008).
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the difference between annual P and Q assuming little to no contribu-
tions of GW and small changes in internal water storage, which are
valid assumptions for the study area according to Correa et al. (2017)
and Lazo et al. (2019). The results showed that ET losses were positively
correlated with the area of grasslands across catchments. This finding
concurs with the reported interception loss of tussock grass vegetation
(Ochoa-Sanchez et al., 2018), that the flux of water to the atmosphere
via ET increased as grassland area increased at catchment and ecosys-
tem scales.

Traditional techniques to estimate ET: do they work?

From a technical and methodological perspective, recent research
has evaluated how well traditional instruments (e.g., tipping bucket
rain gauges) and methods (e.g., water balance analysis, hydrological
models) estimated ET and interception loss compared to measurements
obtained with highly accurate methods and instruments. The latter in-
clude the use of laser disdrometers which obtain more precise precipi-
tation estimates than traditional rain gauges due to their higher
measurement resolution (up to 0.005 mm h™'; Thies Clima, 2007) and
the Eddy Covariance method (Carrillo-Rojas et al., 2019; Ochoa-
Sanchez et al., 2019) to quantify P and ET, fluxes, respectively. Results
indicated that the traditionally-used tipping bucket rain gauges sub-
stantially underestimated P during rainstorm events compared to an
electronic laser disdrometer (Ochoa-Sanchez et al., 2018). This is be-
cause disdrometers account for the substantial contribution of drizzle
to total P of high-elevation tropical ecosystems (Aparecido et al.,
2018), which rain gauges cannot measure accurately (Orellana-Alvear
et al., 2017; Padrén et al., 2015).

An evaluation of methods to quantify ET, in the grasslands of the
Andean paramo found that the two evaluated hydrological models -
the HBV-light model (Bergstrém, 1992; Bergstrom, 1976) and the Prob-
ability Distribution Model (Moore, 1985; Moore and Clarke, 1981) - as
well as a Penman-Monteith model calibrated for the local conditions,
yielded daily ET, values similar to the reference Eddy Covariance
technique (see Table 5 in Ochoa-Sanchez et al., 2019 for a list of
advantages and disadvantages of each method). Even though the
water balance (the most commonly used method to estimate ET in the
region, e.g., Buytaert et al., 2006b, 2007; Mosquera et al., 2015), energy
balance, and volumetric lysimeter methods generally provided inaccu-
rate representations of the grasslands' ET, variability over short time
scales (sub-annual), they performed well to represent annual ET,. This
information is highly valuable for future applications across the
tropical Andes where low intensity P (drizzle and fog) accounts for a
significant proportion of total precipitation, and in ecosystems where
knowledge about ET fluxes is scarce or inexistent (e.g., punas and
jalcas).

Methods used to quantify fog

Another important factor influencing vegetation-atmosphere water
fluxes in high-elevation tropical ecosystems is the occurrence and per-
sistence of fog (Aparecido et al,, 2018; Wright et al., 2017). The influence
of fog on the hydrology of montane ecosystems in the tropical Andes is
well known (Buytaert et al., 2006a; Célleri and Feyen, 2009; Correa
et al., 2020), yet details about its role have been given little attention.
Tobon and Gil Morales (2007) used an experimental approach to quan-
tify fog capture by different types of pdramo vegetation (e.g., native for-
est patches, grasslands, and giant Espeletia rosettes) in Colombia. They
found that during periods of low intensity fog, no water droplets were
captured regardless of vegetation type, but during moderate intensity
fog events, grasslands captured more water than native forests, despite
a lower leaf area index (1.17 for grasslands versus 3.14 for native for-
ests). These results were attributed to the tendency of fog water drop-
lets to adhere preferentially to small, exposed surfaces than to larger
ones. In parallel, they compared direct vegetation measurements to in-
direct ones (i.e., harps and cylinders) traditionally used to quantify fog
water inputs. The assessment indicated that the indirect methods mea-
sured significantly higher water amounts than the vegetation ones. This
finding emphasizes the importance of using an appropriate method
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(i.e., fog collector device) to quantify the fog capture capacity of high
Andean vegetation, research that has yet to be carried out.

The contribution of occult P (i.e., the combination of fog and drizzle)
to the water balance of the paramo ecosystem in the Colombian Andes
was assessed by Cardenas et al. (2017) who found that occult P added 7
to 28% to total P depending on local environmental conditions and the
geographical location. This corresponds with laser disdrometer mea-
surements taken in an Ecuadorian paramo by Padrén et al. (2015)
who found that drizzle represented 15% of total P. Past findings also in-
dicate that direct vegetation measurements are necessary to assess An-
dean grasslands' fog capture capacity and its influence on water balance,
given the identified overestimation by the most commonly used fog
capture devices (Tobon and Gil Morales, 2007). Likewise, future exper-
iments should carefully consider the difference between the height of
the tussock grasses (often <1 m) in relation to the installation height
of fog collection instruments, which is typically >1 m (e.g., Cardenas
et al,, 2017), to ensure accurate measurements of fog water inputs.

3.2.2. Infiltration and soil moisture

The physical characteristics of the vegetation, particularly the distri-
bution and density of plant roots, influence the water infiltration capac-
ity of soils (Fischer et al., 2015; Thompson et al., 2010). This capacity and
intrinsic soil properties (e.g., texture, bulk density, structure, saturated
hydraulic conductivity) control the dynamics of water transport and
mixing mechanisms in the subsurface (Mosquera et al., 2020a; Wang
etal, 2020). Thus, knowledge about the capacity of vegetation to redis-
tribute P to subsurface water is crucial to understand its effect on the
water balance of a given hydrological system. Despite this, research is
scarce on infiltration and the dynamics of soil moisture content under
different land use scenarios in high-elevation tropical Andean grass-
lands. Here we discuss results and implications of existing studies to di-
rect future efforts.

Most research on infiltration capacity under tussock grasslands in
the tropical Andes relates to the influence of land use change on
hydrophysical soil properties (e.g., Benavides et al., 2018; Patifio et al.,
2021; Poulenard et al., 2001; Suarez et al., 2013). A common feature re-
ported in those studies is the high infiltration capacity (up to
60-80 mm hr'!) underlying undisturbed tussock grasses compared to
the low intensity of water inputs (mainly drizzle with intensities gener-
ally <10 mm hr'!) which characterizes P at high-elevations in the trop-
ical Andes (Buytaert et al., 2006a; Orellana-Alvear et al., 2017; Padrén
et al., 2015). This not only favors the dominance of subsurface water
transport and mixing, but also limits the occurrence of infiltration ex-
cess overland flow (Correa et al., 2017, 2019; Crespo et al., 2011;
Mosquera et al,, 2012, 20164, 2015, 2020a). Overall, the published liter-
ature highlights the importance of conserving high Andean grasslands
to facilitate water infiltration to soils and subsequently recharge deeper
water storage.

Previous research using periodic measurements (every few weeks to
months) of soil moisture content showed that piramo soils maintained
high humidity throughout the year, regardless of rainfall seasonality
(Buytaert et al., 2005), but those observations did not generate a
process-based understanding of vegetation-mediated water transport
and mixing in the subsurface. However, more recent soil moisture con-
tent data from a densely-monitored experimental paramo hillslope cov-
ered by tussock grasses have shed light on these mechanisms:
measurements taken every 5 min at the rooted layer of soils indicated
a fast increase in response to rainstorm events and highly synchronized
response times to reach peak soil moisture content, regardless of hill-
slope position. These results suggest that tussock grasslands facilitate a
homogeneous infiltration capacity to the shallow, rooted layer of the
soils (Mosquera et al., 2020a; Tenelanda-Patifio et al., 2018). Related re-
sults indicated that the volume and intensity of P were the main drivers
of soil moisture content dynamics along the entire hillslope (Tenelanda-
Patifio et al., 2018), likely due to the aforementioned higher infiltration
capacity of natural tussock grasslands in comparison to the typically low
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intensity of P in the region that allows the latter to rapidly fill the empty
pore space of soils during rainstorm events (Suarez et al., 2013). This
factor, in combination with the typically high organic matter content
and porosity of the Andean paramo soils, facilitates the vertical percola-
tion of water (Mosquera et al., 2020a). Overall, these findings demon-
strate that the conservation of Andean grasslands benefits the
sustained input of water to the subsurface, which in combination with
the intrinsic properties of the underlying volcanic ash soils (high satu-
rated hydraulic conductivity, porosity, and water retention capacity)
provide the ecosystem with a high water regulation capacity (Buytaert
et al,, 2006a; Correa et al., 2020; Mosquera et al., 2016a). Despite
these important advances in the understanding of soil hydrology of
southern Ecuadorian paramos, information is lacking from other
paramos and from the puna and jalca ecosystems.

3.2.3. Streamflow generation and regulation

Streamflow generation and regulation are among the most impor-
tant hydrological services provided by high-elevation ecosystems
(Immerzeel et al., 2020; Viviroli et al.,, 2007). In the tropical Andes, the
tussock grasslands that dominate landscapes above tree line are consid-
ered essential providers of these services (Buytaert et al., 2006a; Célleri
and Feyen, 2009; Correa et al., 2020). However, until recently, little was
known about the processes underlying Q production and regulation in
these environments. The introduction of isotopic and geochemical
tracers in hydrological research in the paramo, combined with hydro-
meteorological monitoring at different spatial scales within the same
catchment (i.e., a nested monitoring scheme) and the consideration of
biophysical catchment variables such as topography, geology, and the
areal extent of soils and vegetation, has been key to fill these knowledge
gaps. This combination of approaches has permitted researchers to un-
derstand the role of distinct landscape features (e.g., grasslands, wet-
lands, springs) on Q generation and how they differentially influence
essential hydrological indicators such as peak flow, low flow, water
yield, catchment water storage, and the age (or mean transit time) of Q.

Quantitative evaluations of the role of biophysical landscape features
in the hydrology of a nested system of eight paramo catchments in
southern Ecuador (Zhurucay Ecohydrological Observatory) showed
that catchments having the strongest slope gradients and fractured bed-
rock presented higher baseflow values (Mosquera et al., 2015), shorter
water ages (Mosquera et al., 2016b), and higher water storage capacity
(Lazo et al,, 2019) than their counterparts, highlighting the importance
of topography and geology on streamflow regulation in catchments
dominated by high Andean grasslands.

Further, a qualitative evaluation of the stable isotopic composition of
different water sources (precipitation, grasslands, and wetlands) con-
tributing to Q was carried out at the same study site (Correa et al.,
2017, 2019; Mosquera et al., 2012, 201643, 2016b). Results indicated
that paramo soils were the major source of water contributing to dis-
charge throughout the year (Mosquera et al., 2016a). This result was
subsequently refined using geochemical tracers (electrical conductivity,
metals, and nutrients) that permitted a quantification of contributions
to Q by different water sources (precipitation, soil water, shallow GW)
during different flow conditions (Correa et al., 2017, 2019). Using an
end-member mixing model approach, these studies found that precipi-
tation and soil water from the deeper layers of the hillslope and riparian
soils were the principal components of stream water, with only small
contributions from shallow GW. Therefore, the refined conceptual
model indicated that hillslope soils, covered predominantly by tussock
grass vegetation, are an important source of stream water, particularly
during rainstorm events when riparian areas are hydrologically con-
nected to the hillslopes at paramo sites with small or negligible GW con-
tributions (Correa et al., 2019). These findings indicate that the high
water infiltration capacity of hillslope soils covered by tussock grass-
lands, combined with high saturated hydraulic conductivity and poros-
ity, provide excellent hydrological regulation capacity to these
ecosystems by facilitating the downward transport of water to deeper
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soil layers (Mosquera et al., 2020a) and the recharge of riparian wet-
lands (Lazo et al., 2019; Mosquera et al., 2015). They also indicate sub-
surface hydrological connectivity between paramo grassland hillslopes
and riparian areas during stormflow conditions (Correa et al., 2019;
Ramoén et al., 2021), thus providing additional evidence that Andean
grasslands play an important role for providing hydrological services.

In summary, these findings emphasize the hydrological benefits pro-
vided by natural tussock grassland vegetation in Andean paramos. Im-
portantly, the aforementioned studies also show that combining
hydrometric and tracer (isotopic and geochemical) methods is an effi-
cient approach to obtain process-based understanding of Q generation
and regulation over short time periods (Mosquera et al., 2012, 2016a;
Wright et al., 2017). Nevertheless, it should be noted that complemen-
tary research at more grassland sites across the high Andes is necessary,
especially in the understudied punas. In pAramos that present large GW
contributions, it is necessary to assess and compare Q generation mech-
anisms under different hydrometeorological, pedological, and geologi-
cal conditions.

3.3. Impacts of land use change on the hydrology of grasslands in the trop-
ical Andes

3.3.1. Impacts of land use on evapotranspiration

Buytaert et al. (2006¢) compared the crop coefficient of conserved
paramo grasslands with cultivated areas to determine the effects of cul-
tivation on ET. Their crop coefficient estimations through water balance
closure assumed no influence of deep percolation and canopy intercep-
tion loss, and a negligible contribution of drizzle to total P. They re-
ported crop coefficient values of cultivated areas (0.95) that were
more than double those of conserved tussock grasslands (0.42). A
more recent study using the reliable Eddy Covariance method at a dif-
ferent paramo site reports crop coefficient values of 0.8-0.9 for con-
served tussock grasslands (Carrillo-Rojas et al., 2019), similar to the
previously mentioned crop coefficient value for cultivated paramo.
These results put into question the veracity of assumptions made
when estimating crop coefficients using the water balance approach
and highlight the risks of applying this approach to study the ET flux
(Ochoa-Sanchez et al., 2019). This is particularly relevant in regions
where the hydrological behavior of the ecosystem is poorly understood.

3.3.2. Impacts of land use on soil infiltration

To evaluate the role of tussock grassland vegetation on infiltration
capacity, Suarez et al. (2013) experimentally removed vegetation and
made soil infiltration capacity measurements before and after removal,
and during both wet and dry seasons. Their results show that, regardless
of the season, the infiltration capacity was substantially reduced (about
8 times lower) after the grassland cover was removed. An evaluation of
the potential factors controlling infiltration capacity indicates that the
vegetation biomass acted as a primary control, and the soil organic mat-
ter content of the root layer showed no significant effects. These find-
ings highlight the essential role that the tussock grasslands provide to
facilitate the entrance of water into the soils and to mitigate the occur-
rence of soil erosion, even during extreme rainstorm events.

Precipitation simulation experiments were carried out to investigate
the effects of tillage, burning, and bare fallow lands on the infiltration
capacity of paramo soil overlaid by tussock grasslands in northern
Ecuador (Poulenard et al., 2001). These simulations demonstrated that
soils impacted by all three of these farming activities produced higher
surface runoff in relation to undisturbed grasslands where 80 to 90%
of P infiltrated soils. The lower infiltration capacity observed under till-
age was attributed mainly to soil crusting (Nishimura et al., 1993),
whereas hydrophobicity (i.e., water repellency) was the principal factor
affecting the infiltration capacity on burned plots. The local Andosol
soils, comprised of mature volcanic ash, have high soil organic matter
such that dry conditions also caused water repellency on bare fallow
lands (Clothier et al., 2000).
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Benavides et al. (2018) evaluated the infiltration capacity of tussock
grasslands compared to other natural land covers (i.e., shrubs and cush-
ion plants) and land uses including potato cultivation and cattle grazing
in the paramo of southwestern Colombia. These authors found that the
soils under tussock grasslands had the highest infiltration capacity
among all land covers, and a similar infiltration capacity to cultivated
soils which they suggested may be an artifact of increased porosity
and vertical water movement caused by tillage, though contrary to the
aforementioned result of Nishimura et al. (1993). The high infiltration
capacity of the native grassland soils may be attributed to the morphol-
ogy of tussock grasses that helps protect soil structure from precipita-
tion and wind effects. This is enhanced underground by the fibrous,
dense, and uniform rooting system of tussock grasses that increases
soil porosity and permeability (Hofstede et al., 1995), and thus contrib-
utes to the high infiltration capacity of underlying soils. All these find-
ings highlight the key role of tussock grasslands for enhancing the soil
infiltration capacity, which in turn influences subsurface flow and Q
generation at larger scales (Correa et al., 2019; Crespo et al., 2011;
Mosquera et al., 2020a).

3.3.3. Impacts of land use on soil moisture

Soil moisture content has been the most-studied hydrological vari-
able related to the impacts of land use on the hydrology of tropical An-
dean grasslands (e.g., Buytaert et al., 2005; Farley et al., 2004; Marin
et al.,, 2018; Montenegro-Diaz et al., 2019; Patifio et al., 2021). Most of
these studies evaluated the impact of the most common human activi-
ties in this region - cattle grazing and pine afforestation - on soil mois-
ture content (Buytaert et al., 2006a). The compiled data for both land
use practices indicate that no effect was observed (p-value > 0.05) in
soil moisture content at saturation: cattle grazing produced an increase
of 2 + 4% (p-value = 0.71) and pine afforestation showed a decrease of
2 + 3% (p-value = 0.43) (Fig. 4). These results are similar to those re-
ported for cultivation, another common human activity, at two paramo
sites in southern Ecuador (Buytaert et al., 2005).

The compiled data also indicate that although the water holding ca-
pacity of pAramo soils at saturation is not notably affected by these most
common land use practices, afforestation with exotic pines and cattle
grazing can impact the dynamics of soil moisture content under field
conditions (Fig. 4). Pine afforestation produced a large and significant
reduction of soil moisture, with relatively low variability among study
sites (35 + 12%; p-value = 0.02). This effect is explained by the pres-
ence of a large, woody, and non-uniform rooting system of the pine
trees concentrated in the shallow soil layer (Farley et al., 2004;
Harden et al., 2013). This factor in turn increases the rate of subsurface
water movement through preferential flow paths - resulting from the
longer and thicker tree root system in comparison to the fine and
dense system of tussock grass roots—, thus diminishing the soil moisture
content and water storage capacity of soils.

Research on the impact of cattle grazing on the hydrophysical prop-
erties of soils in high-elevation Andean ecosystems, including paramo
tussock grasslands, have yielded results showing differing effects on
soil properties (Benavides et al., 2018; Marin et al, 2018;
Montenegro-Diaz et al., 2019). Those studies concluded that grazing im-
pacts depend primarily on the land management history (e.g., grazing
intensity and tilling activities) and that site-specific factors need to be
carefully considered for evaluating those impacts (Marin et al., 2018).
Although not statistically significant, the compiled dataset presented
in this study depicts a similar effect (Fig. 4). Even though grazing led
to a mean reduction of soil moisture content (21 + 32%; p-value =
0.63), there was large variability among study sites, and soil moisture
content was even observed to increase following grazing in some
cases. These data corroborate the conclusions of Marin et al. (2018)
that highlight the difficulty of generalizing the impacts of grazing on
hydrophysical soil properties and the recommendation to evaluate the
impacts of grazing on adjacent and comparable undisturbed and dis-
turbed sites where hydrological, geomorphic, and climate conditions
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Fig. 4. Relative percentage change of the moisture content of soils to a depth of 30 cm due
to pine afforestation and cattle grazing on tropical Andean grasslands. The information
corresponds to soil moisture content (SMC) data obtained through field measurements
(15 study sites for grazing and 4 study sites for pine afforestation) and laboratory
methods (3 study sites for grazing and 6 study sites for pine afforestation) at saturation
(pFO, pF is defined as the logarithm of matric potentials in cm water column). The dots
represent the mean relative change (%) and the whiskers represent the standard
deviation. A color version of this figure is available in the online version of this article.

are similar. This, in order to reduce the possibility of attributing changes
in soil properties to the effect of land use, when they could actually re-
sult from intrinsic differences in the spatial variability of soil properties
across the region (e.g., Buytaert et al., 2006a, 2006b, 2006¢).

In general, there is an apparent consensus regarding soil moisture
content reduction due to pine afforestation (Farley et al., 2004;
Harden et al., 2013; Marin et al., 2018), while the impacts of grazing
are more variable and dependent on the land management history
(Benavides et al., 2018; Marin et al., 2018; Montenegro-Diaz et al.,
2019). Future studies, therefore, should consider such history to obtain
robust results that can be used by land managers and policy makers. A
similar management history dependence is likely for cultivated lands,
though insufficient evidence was found for a firm conclusion on this
issue.

Technical considerations for measuring hydrophysical soil properties

An evaluation of land use change on the hydrophysical properties of
predominantly volcanic soils across paramo and montane forest ecosys-
tems in southern Ecuador yielded valuable technical insights, for exam-
ple, that the sampling depth and distance from the tree trunk (in pine
afforested areas) may affect the assessment of hydrophysical soil prop-
erties. Marin et al. (2018) found statistically significant differences of
hydrophysical soil properties measured at 0-10 and 10-25 cm depths,
regardless of land cover, indicating that soil depth should be considered
for a thorough evaluation of land use impacts on soil hydrological status.
At afforested sites, the presence of trees did not affect hydrophysical soil
properties, as measured values were not statistically different close to
(75 cm) and farther from (150 cm) a tree's trunk. This suggests that
the hydrophysical properties of soils in and around pine plantations
are relatively homogeneous and that measurements to evaluate affores-
tation impact do not need to be made at a prescribed distance from
trees.
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3.3.4. Impacts on streamflow generation and regulation

Water resources of tropical montane ecosystems are increasingly
threatened by changes in land use (Wright et al., 2017). In the tropical
Andes, local and regional research efforts have consistently demon-
strated high Q production and regulation capacity of high-elevation
catchments that are dominated by undisturbed tussock grasslands
(Buytaert et al., 2007; Crespo et al., 2011; Mosquera et al., 2015;
Ochoa-Tocachi et al., 20164, 2016b).

Some studies have assessed how the most common land use
changes in the region (e.g., afforestation, grazing, and cultivation) affect
these hydrological services. Research in the southern Ecuadorian high-
lands showed that exotic pine (Pinus patula) afforestation reduced the
water yield (i.e., the ratio between annual Q and annual P) of a paramo
catchment by 50% as compared to a catchment dominated by tussock
grasslands (Buytaert et al., 2007). Similar findings of the P-Q relation
were reported by Crespo et al. (2010, 2011) for the same region:
paramo catchments affected by pine afforestation presented reduced
water yield and low flows (baseflow). More recently, Ochoa-Tocachi
et al. (2016a, 2016b) applied a paired catchment monitoring strategy
at several sites across the tropical Andes in different high-elevation tus-
sock grassland-dominated ecosystems (i.e., pAramos, jalcas, and punas)
to investigate the impacts of land use change on Q generation. The re-
gional catchment comparison depicted pine afforestation as reducing
water yield and the entire range of flows, especially low flows, at all
study sites, irrespective of ecosystem. In general, these findings all
point to afforestation's negative effects, mainly attributed to increased
ET, on the water production and regulation capacity of tropical Andean
catchments (Buytaert et al., 2007; Crespo et al., 2011; Ochoa-Tocachi
et al.,, 2016a, 2016b). Higher ET rates corresponded directly with the
higher leaf area index of trees compared to tussock grasses (Tobon
and Gil Morales, 2007), which in turn increases interception losses. Ad-
ditionally, this effect is also influenced by high water losses through
higher transpiration rates of trees in comparison to those of natural tus-
sock grasslands (Ochoa-Sanchez et al., 2020).

The impact of cattle grazing on the P-Q relation of tropical Andean
catchments was studied by Crespo et al. (2010) who found no effects
of grazing on water yield or different flow rates comparing two paramo
catchments (grazed vs. ungrazed) in southern Ecuador. This result was
attributed to the low number of animals (no more than 3 adult cows per
hectare) at the grazed study site. Results from the aforementioned
paired network of catchments across the tropical Andes showed a vari-
able effect of cattle grazing on Q production and regulation (Ochoa-
Tocachi et al., 20163, 2016b). The direction and magnitude of the impact
depended on both the animal density and the physiographic character-
istics of the catchments, findings that are similar to the effects reported
for soil moisture content of disturbed soils under grazing (Benavides
et al., 2018; Marin et al., 2018; Montenegro-Diaz et al., 2019). These
combined findings lead to the hypothesis that the effects of cattle graz-
ing on Q production and regulation are closely linked to the degree of
disturbance of underlying soils, and intrinsically, to the history of land
disturbance and management of soil and vegetation resources. This hy-
pothesis should be tested in the future, but meanwhile this information
can be helpful for developing land management strategies in high-
elevation regions of the tropical Andes.

Cultivation has also shown contrasting effects on Q production and
regulation of tropical Andean catchments. Comparison studies in south-
ern Ecuador showed no apparent effect of this land use on annual water
yield but did produce an increase in peak flows, and a decrease in low
flows, in catchments where potatoes were cultivated (Buytaert et al.,
2007; Crespo et al., 2010). The dynamic water storage capacity was re-
ported to be lower in a cultivated catchment than a conserved catch-
ment at a paramo site in the same region (Buytaert et al., 2006b).
These findings indicate that while cultivation did not affect the Q gener-
ation capacity of the catchments, water regulation capacity was re-
duced. The paired catchment comparison study across the tropical
Andes showed a similar result: although cultivation might not
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considerably affect water yield, it reduces low flows and increases
peak flows, regardless of the ecosystem (i.e., pairamos and punas)
(Ochoa-Tocachi et al., 2016a, 2016b). Overall, these results suggest
that, like grazing, it is essential to consider land management history
to determine the impacts of cultivation on Q on tropical Andean catch-
ments.

The regional initiative for hydrological monitoring of andean ecosys-
tems - iMHEA

The iMHEA regional network of paired-catchments across the tropi-
cal Andes has shown to be valuable for regional monitoring efforts
(Célleri et al., 2010). Data generated from iMHEA have not only facili-
tated unravelling the differences and commonalities due to land use
on Q generation and regulation processes, but also allowed regionaliz-
ing patterns of land use change (Ochoa-Tocachi et al., 2016b). Despite
the generation of valuable P and Q data across the network (Ochoa-
Tocachi et al., 2018), the sole use of this traditional hydrometric infor-
mation is insufficient for process-based understanding about the mech-
anisms responsible for land-use derived P-Q relations. Therefore,
iMHEA shows great potential to fill knowledge gaps through the appli-
cation of tracer methods that have the potential to provide robust
process-based hydrological information at different spatial and tempo-
ral scales in other high-elevation catchments across the region
(e.g., Correa et al,, 2017, 2019, 2020; Lazo et al.,, 2019; Mosquera et al.,
2012, 2016a, 2016b, 2020a, 2020b).

3.3.5. Impacts on soil erosion and sedimentation

An essential role of montane ecosystems is the control and mitiga-
tion of soil erosion to decrease both the production of sediments that af-
fect water quality and the generation of landslides (Alewell et al., 2008;
Harden, 2001). Therefore, understanding how high-elevation grass-
lands influence these processes and how changes in land use and land
cover affect the provisioning of this important ecosystem service is cru-
cial for good management, conservation, and restoration of montane
grasslands in the tropical Andes (Harden, 1988). Nonetheless, even
though research on soil erosion processes and features have been inves-
tigated intensively and extensively at lower elevations in the tropical
Andes (e.g., Borja et al., 2018; Harden, 1992; Molina et al., 2012;
Vanacker et al., 2003; Zehetner and Miller, 2006), few studies exist at el-
evations above tree line.

Early work on this subject focused on evaluating the effects of culti-
vation on soil erosion in the Ecuadorian highlands by simulating high
intensity rainstorm events to estimate soil erosion rates of conserved
and degraded paramos (Harden, 1988, 1993). Results from experimen-
tal plots in central-north Ecuador showed that conserved areas with
100% cover of native tussock grasslands did not produce soil erosion,
even on steep slopes. In contrast, annual soil erosion rates on degraded
paramo varied between 20 and 80 t ha™!, with the highest rates pro-
duced on steep, cultivated fields (Harden, 1988). Similarly, in pairamo
plots on the Paute watershed in southern Ecuador, the highest erosion
rates were reported for overgrazed and road construction areas, while
soil erosion was absent on undisturbed grasslands (Harden, 1993).
Using a similar approach, Poulenard et al. (2001) studied the effects of
tillage and burning on the soil erosion of young and mature volcanic
ash soils in the padramos of northern Ecuador. Their findings demon-
strated that both practices increased surface runoff, enhancing the ef-
fects of soil erosion. Tillage generated the reorganization of surface soil
particles forming a crust layer with reduced infiltration capacity, while
burning favored the creation of hydrophobic (water repellant) condi-
tions that facilitated soil erosion. Overall, these findings indicate that
soil erodibility is influenced by land use more than by soil type
(Harden, 1993) and that conserving the high-elevation grasslands of
the tropical Andes is crucial to decrease sediments due to soil erosion
processes, given that the dense cover of tussock grasses favors the accu-
mulation of soil organic matter and the high infiltration capacity of the
soils (Zehetner and Miller, 2006). These findings are in line with those
reported by Molina et al. (2008) who demonstrated the importance of
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conserving vegetation cover to decrease soil erosion in 37 catchments
located in the highlands of southern Ecuador, particularly at sites under-
lain by highly erodible rocks. Importantly, the latter emphasizes the
main role geology can play in soil erosion processes, although this fea-
ture has not been frequently considered in past studies.

3.4. Effects of restoration practices on hydrology

Only two studies that evaluated the impact of restoration practices
on the hydrological functions of tussock grasslands in the tropical
Andes were identified, despite the issue's importance. Both were carried
out on high-elevation grasslands of the Cordillera Blanca in central Peru.
Tacuna et al. (2015) looked at improvements of soil hydrological func-
tions under heavily degraded grasslands due to long-term grazing fol-
lowing a revegetation treatment with two native grass species
(Festuca humilior and Calamagrostis macrophylla) combined with the
addition of organic matter (ovine urine and manure). Using a
completely randomized experimental design over a 1-year period,
their results showed a small increase in soil moisture content (19% to
21.8%) and infiltration capacity (0.11 to 0.14 cm min™!). Applying a sim-
ilar experimental approach over a 2-year period, Oscanoa and Flores
(2016) evaluated the influence of soil improvement techniques (fur-
rows and pits) on the recovery of the hydrological status of the soils
under degraded grasslands. These authors also reported a small increase
in soil moisture content (from 16.6% to 20.4-20.8%) and infiltration ca-
pacity (0.07 cmh™' t0 0.11-0.12 cm min™") by furrows and pits, conclud-
ing that recovering the hydrological function of degraded grasslands is a
slow process (Oscanoa and Flores, 2016, 2019).

The paucity of data available on this topic in the tropical Andes pre-
cludes the possibility to address a key question from the soil and water
management perspective in montane grassland environments (Sun
etal., 2020): What restoration period is needed to recover soil hydrological
functions under degraded grasslands?

To partially address this question, data from the Tibetan Plateau, a
high mountain region where grasslands dominate the landscape
(Dixon et al.,, 2014; Verrall and Pickering, 2020), were used to put the
findings of the high-Andean grasslands into context. Data were com-
piled from eight Tibetan publications (Supplementary material) on the
effects of restoration on soil moisture content under field conditions,
considering the same assumptions as soil moisture data from high-
elevation Andean grasslands (Section 2.2). As the Tibetan Plateau is
characterized by a strong P seasonality during the year and large daily
temperature variations (Xue et al., 2017), we assumed that the region's
soil moisture data is likely to be similar to highland sites with similar cli-
mate features in the tropical Andes. The approach used to analyze Ti-
betan Plateau data was the same as that used to identify the effects of
land use practices on soil moisture content under Andean grasslands,
i.e., the relative percentage change method and the Student's t and
Mann-Whitney U statistical tests.

The results of these analyses indicated that for restoration periods
<5 years, the mean change in soil moisture content was not significant
and almost negligible, presenting a large variability (2 4+ 28%; p-value =
0.13; Fig. 5). However, for restoration periods >5 years, the percentage
change in soil moisture content was likely to increase, albeit with large
variability (36 + 33%; p-value = 0.42). Though these data are from a dif-
ferent mountainous region, they provide a basis to explain the negligi-
ble soil moisture increase reported from the tropical Andes <2 years
after restoration of degraded grasslands (Oscanoa and Flores, 2016;
Tacuna et al,, 2015). Sun et al. (2020) found that a 4-year grazing exclu-
sion period using fences was optimal to promote aboveground vegeta-
tion growth on Tibetan Plateau grasslands. These authors thus
recommended that restoration practices be limited to periods of
4 years. For provision of water-related ecosystem services, however, it
is apparent that periods longer than 5 years are necessary to secure
the recovery of the hydrological function of soils under degraded grass-
lands, at least on the Tibetan Plateau that has a marked seasonality.
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Fig. 5. Relative percentage change of the moisture content of soils to a depth of 30 cm due
to the restoration of degraded high-elevation grasslands on the Tibetan Plateau. The
information corresponds to soil moisture content (SMC) data obtained for restoration
periods <5 years (15 study sites) and >5 years (10 study sites). The dots represent the
mean relative change (%) and the whiskers represent the standard deviation. A color
version of this figure is available in the online version of this article.

Though the results presented in Fig. 5 may be considered representative
for land and water management on the highly seasonal dry punas and
paramos of the tropical Andes, shorter periods could suffice for grass-
land recovery at more humid sites. Wetter environmental conditions
are likely to reduce the degradation of soil organic matter and would
favor not only aboveground vegetation growth, but also the recovery
of soil hydrological functions.

4. Conclusions
4.1. Key findings

High-elevation grasslands are an essential resource for the provision
of hydrological services in the tropical Andes. Over the last 20 years,
much has been learned about their hydrological function under con-
served conditions, particularly for the humid paramo ecosystem of
southern Ecuador where reliable measures of actual evapotranspiration
(ET,, 51% of annual precipitation), crop coefficient (0.78-0.90), and
water storage capacity (2 mm) have been obtained. These grasslands
also play a key role in increasing subsurface flow due to high
infiltration that in turn controls erosion processes. Additionally, they
buffer streamflow in catchments and facilitate the sustained recharge
of Andean wetlands when they become hydrologically connected to
the stream network during rainstorm events.

Knowledge about the impacts of land use change on the hydrological
behavior of high Andean grasslands has also increased, especially on
Ecuadorian paramos. For example, studies on the effects of pine planta-
tions in natural grasslands have identified negative impacts on soil
water storage as well as a decrease in water yield and hydrological reg-
ulation at different spatial scales (from plot to catchment). This was at-
tributed to increased ET of exotic pine trees in comparison to native
grasslands. The hydrological impacts of cattle grazing and farming on
these grasslands, however, have been studied less and are inconclusive.
Grasslands that were degraded by tillage, burning, or the complete
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removal of vegetation cover showed a substantial reduction of water in-
filtration to the soils and an increase in soil loss through erosion. Im-
pacts on soil moisture and streamflow were controversial as the
available research presented contrasting results ranging from steep re-
ductions to large increments. This suggests that land management his-
tory drives the direction and magnitude of the impacts, and that
generalizations among different sites and regions should be avoided
(Marin et al., 2018).

4.2. Key knowledge gaps

One critical outcome of this regional systematic analysis of literature
was the identification of scarce hydrological information about the puna
ecosystems in Peru and Bolivia, even though they represent the most
extensive high-elevation grasslands in the tropical Andes. Similar infor-
mation gaps remain for the jalca grasslands in northern Peru. Regarding
paramo grasslands, it should be noted that hydrological research has
been concentrated on humid paramos of southern Ecuador while hy-
drological data remain scarce for dry paramos and for those exhibiting
recent volcanic activity. Future efforts should aim at addressing this in-
formation imbalance to broaden hydrological knowledge to regions
where it remains limited and negatively affects natural resource man-
agement in the tropical Andes.

We identified important knowledge gaps related to the hydrological
function of conserved high Andean grasslands. Little attention has been
paid to these grasslands' role in the capture of horizontal precipitation
(fog) and its influence on the water balance. The ET flux has been quan-
tified accurately in the humid paramo of southern Ecuador but remains
uncertain in other high-Andean grasslands, particularly in drier regions.
Most process-based hydrological understanding of streamflow produc-
tion and regulation and subsurface flow dynamics has been developed
for humid paramo grasslands that present small groundwater contribu-
tions. However, little information is available for drier piramo grass-
lands in Colombia or Venezuela and for those with large groundwater
contributions. Furthermore, the lack of information is critical in the
puna and jalca ecosystems that present climatological, pedological,
and geological conditions that are different from those of pairamo and
that could play a different hydrological role.

Major knowledge gaps remain regarding the impacts of land use
change on the hydrology of high-Andean grasslands. For example, few
analyses exist that quantify how ET is affected by changes in land use
in any high-Andean grassland ecosystem, despite the importance of
this process on water balance. The hydrological impacts of pine affores-
tation have been documented but forestation studies on other exotic
and native tree species (e.g., Polylepis spp.) are lacking. Controlled and
uncontrolled fires occur frequently in high Andean grasslands but
their impacts on ET, infiltration, soil moisture, and streamflow produc-
tion and hydrological regulation are unknown. It is crucial to study the
impact of open burns over these vast Andean grassland landscapes be-
cause of the potentially large degrading hydrological effects that have
been reported elsewhere in the Andes (e.g., Cingolani et al., 2020).

Restoration efforts of degraded grasslands have increased over the
last decade across the tropical Andes, yet knowledge about their hydro-
logical impacts remains unknown. In the Tibetan Plateau, it was found
that restoration periods longer than five years were necessary to in-
crease the soil moisture content of degraded alpine grasslands, thus it
is not surprising that short duration (<2 years) restoration studies in
high Andean grasslands did not find improved soil hydrological func-
tion. Future research to evaluate hydrological impacts of high Andean
grassland restoration should consider relevant comparable findings to
establish efficient monitoring strategies and appropriate evaluation
timeframes.

Limited studies have described the key role that topography and ge-
ology play on water production, flow regulation, and soil erosion pro-
cesses in paramo grasslands but quantitative analyses are needed for
future evaluation of Andean grassland hydrology. Although we found
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no studies looking at the effect of seasonality and aspect on conserved,
degraded, or restored grasslands, future evaluations should consider
these potentially important features, particularly at locations influenced
by highly seasonal hydrometeorological conditions and in the southern-
most part of the tropical Andes, where solar radiation might not be
equally distributed throughout the year.

Local and national environmental agencies, universities and re-
search centers, and non-governmental organizations should consider
these knowledge gaps in their research agendas to improve manage-
ment, conservation, and restoration policies for high-Andean grass-
lands. To this end, we highlighted a variety of techniques that have
been successfully applied to enlighten the hydrology of high Andean
grasslands, as these findings are valuable to guide potential users to-
wards appropriate techniques to advance understanding. Better hydro-
logical knowledge can help safeguard upper watershed ecosystems in
the high Andes and support water provision to millions of downstream
users.
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