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Abstract

With global climate change, some of the highest rates of warming are occurring

at high elevations in low latitudes, making tropical glacierized mountains some of the

most vulnerable hydrological systems in the world. In the Andes, which hold 99% of

all tropical glaciers, observations reveal that streamflow in many watersheds is already

decreasing due to the retreat of glaciers. With the water security threat this presents

to populations who rely on stream discharge from these glacierized mountains, under-

standing the hydrological impacts of climate change in these systems is critical. Recent

studies have begun to investigate the response of streamflow to fast-retreating glaciers.

However, many important knowledge gaps remain. For example, the contribution of

meltwater to streamflow through subsurface flow has been largely overlooked, and this

may be biasing estimates of how much groundwater may buffer glacier retreat. Further,

in addition to causing glacier retreat, warming temperatures are also driving upslope

vegetation migration, yet little is known about how this will further affect stream dis-

charge in tropical glacierized watersheds. Finally, climate-driven changes in hydrology

can alter solute weathering and transport on glacierized mountain slopes, but the effect

on solute export from these watersheds has not been investigated, even though this

could have implications for geochemical cycling and ecological function downstream in

the Amazon Basin.

Data sparsity in these remote, tropical glacierized mountainous watersheds, as well

as unique characteristics such as their year-round glacier ablation and endemic páramo

ecosystem, present major uncertainties associated with predicting hydrogeological, hy-

drochemical, and ecohydrological responses to climate change. We address these chal-

lenges by implementing a recently developed watershed model with reactive transport,

BioRT-Flux-PIHM, for a sub-humid glacierized watershed on Volcán Chimborazo in

the Ecuadorian Andes. BioRT-Flux-PIHM integrates multicomponent reactive trans-

port with hydrological processes and land surface interactions, and thus has the poten-

tial to capture spatiotemporally distributed watershed surface and subsurface flows and

pathways as well as hydrochemical processes. Implementing BioRT-Flux-PIHM with
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available field observations makes it possible extend sparse measurements over space

and time, and to uncover unobserved processes.

Our model results indicate that glacier melt contributes a broad range of 10-90% of

weekly discharge (∼50% on average) over the course of one study year, mostly through

fast surface runoff, but also through infiltration that increases groundwater flow by

nearly 37%. Combined removal of glacier melt, upslope migration of vegetation, and

a 4.5 ◦C increase in temperature results in substantial reduction of streamflow by 74%

from current conditions, primarily due to an increase in evapotranspiration. Under this

scenario, the model shows that near no-flow conditions can occur in the stream, which

has crucial implications for local communities who rely on this water for irrigation.

The model further predicted a unique relationship between the concentration (C)

of weathering solutes in the stream and discharge (Q) that was mostly chemostatic

(constant C with varying Q) because of large melt-supported groundwater inputs, but

superimposed by melt event-driven dilution episodes. In a model scenario with no glacier

melt, major ion concentrations, including Na+, Ca2+, and Mg2+, became higher and

much more stable, but weathering rates decreased, which ultimately attenuated solute

export by 23% compared to current-day estimates. We expect this reduction to be ex-

acerbated by higher evapotranspiration and drier conditions with expanded vegetation.

This work brings to light the importance of understanding interactions among warming

temperatures, mineral weathering, subsurface meltwater flow, and vegetation changes

to predict hydrological and hydrochemical processes in tropical watersheds with rapidly

retreating glaciers.
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Chapter 1

Introduction

Glaciers store about 70% of the Earth’s fresh water and serve as important sources of

water for over 600 million people in mountainous regions worldwide (Messerli et al.,

2004). By melting during dry seasons and drought years, they supplement streamflow

(Fountain & Tangborn, 1985; Lang, 1986; Escher-Vetter et al., 1994; Jansson et al.,

2003; Juen et al., 2007; Soruco et al., 2015; Chen et al., 2017) and ensure reliable

water supplies (Mark & Seltzer, 2003; Mark & Mckenzie, 2007; Bury et al., 2013).

Threatening this resource, the global average air temperature has warmed by 1 ◦C

over the past century, and in response, Earth’s glaciers are rapidly retreating. Tropical

glaciers are particularly sensitive to increases in temperature due to the year-around

ablation they experience even under current climate conditions (Kaser & Osmaston,

2002; Vuille et al., 2008). This is of critical concern in the central Andes, where almost

all (99%) of the world’s tropical glaciers are located (Kaser, 1999), because glaciers

there supply meltwater to resource-limited communities (Bury et al., 2011; La Frenierre

& Mark, 2017). Observations already reveal reduced and fluctuating flows in tropical

glacierized watersheds (Mark & Seltzer, 2003; Huss et al., 2009; Baraer et al., 2012,

2015), threatening the water security of millions of people (Immerzeel et al., 2010;

Carey et al., 2017; Vuille et al., 2018).

Warming and the associated glacier retreat on mountain slopes also alters the hy-

drologic state of mountainous watersheds by expanding upward the suitable elevation

for plant growth. Expansion of vegetation cover due to upslope vegetation migration

increases plant water uptake at higher elevations and can thus leave less water for
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downgradient regions (Goulden & Bales, 2014; Rasouli et al., 2019). Observations have

shown that tropical Andean plants have migrated an average of 25–35 vertical meters

upslope per decade, presumably in response to warmer temperatures (Feeley et al.,

2011; Morueta-Holme et al., 2015). Although many studies have looked at the direct

link between climate change, glacier retreat, and water resources, there has been rela-

tively little attention on the role of plants in mediating the effect of climate on water

resources in tropical glacierized watersheds.

Climate-driven changes in tropical glacierized mountains pose an obvious threat for

populations living downstream by reducing water availability. These changes can also

exert a direct control on solute release and transport, which influences downstream

ecosystem productivity and geochemical cycling. While various studies have begun

to examine the hydrological impact of glacier retreat in the Andes (Barnett et al.,

2005; Ostheimer et al., 2005a; Bradley, 2006; Mark & Mckenzie, 2007; Baraer et al.,

2009; Saberi et al., 2019; Somers et al., 2019), little attention has been paid to its

implications on geochemical cycling and solute export. Most Andean mountains are

located within volcanic zones (Stern, 2004), and they overlie soil and bedrock that are

mainly composed of highly reactive silicate minerals (Stallard & Edmond, 1983; Ugolini

et al., 2002). Weathering rates are accelerated in humid and tropical mountains by

greater gradients (Torres et al., 2015; Wymore et al., 2017a) as well as high temperature

and moisture (Ugolini et al., 2002; White et al., 1998). Moreover, transport of the

weathering products off of montane slopes with stream discharge is facilitated by the

steep topographic gradients in these watersheds (Dessert et al., 2005; Hartmann et al.,

2009; Lloret et al., 2013). Despite being thousands of kilometers away and making up

only about 13% of the Amazon basin, the combination of high weathering rate and

accelerated transport makes tropical Andean mountains an extremely important source

of solute and micronutrients for the basin (Gibss, 1967; McClain & Naiman, 2008;

Moquet et al., 2018; Wymore et al., 2017a).

Although the tropical Andes are important for the Amazon basin ecosystem, which

in turn is a major contributor to global chemical cycling, the role of glacierized tropical

mountain watersheds are understudied and poorly characterized (Schlesinger & Bern-

hardt, 2013). Quantifying the role of tropical glacierized watersheds to regional solute
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export is critical because of the fast-changing conditions in these watersheds. This re-

quires an understanding of the factors that control stream chemistry and the effects of

changing climate on weathering and solute export in tropical glacierized watersheds.

Understanding how different surface and subsurface pathways as well as spatiotem-

porally variable processes within the watershed influence the meltwater contribution to

streamflow and modulate hydrochemistry of the watershed is critical for predicting how

climate change will impact the reliability of watershed discharge and solute export. A

major challenge in evaluating these spatiotemporal effects in tropical mountainous wa-

tersheds is the relative data sparsity and resource limitation in these regions, compared

to better instrumented mountain watersheds in North America and Europe. This data

gap and resource limitation serve as obstacles to understanding the response of hydro-

logical and hydrochemical systems to climate change in these vulnerable watersheds,

and this calls for an extensive and multiple-approach investigation in order to assess

the long-term alteration of watershed hydrology and hydrochemistry in these regions.

Our ability to predict the impacts of climate change, future glacier retreat, and ups-

lope migration of vegetation on the hydrological and hydrochemical systems requires

understanding complex interactions among climate, hydrology, and ecology at different

temporal and spatial scales, and I tackle this challenge using a state-of-the-art compu-

tational model that can integrate the dynamic effects of multiple physical, geochemical,

and ecological processes within a watershed.

This thesis documents an evaluation of the interactions among groundwater flow,

meltwater inputs, vegetation cover, and mineral reactions to answer three overarching

sets of questions in a sub-humid glacierized study watershed on Volcán Chimborazo:

1. What is the temporal variability of relative glacier melt contributions to discharge,

from hourly to multi-year time scales?

2. How does the hydrochemical system respond to the full retreat of glaciers in a

tropical glacierized watershed?

3. How does upslope migration of vegetation, including encroachment of deeper-

rooted plants, impact the hydrological system?

To fully understand the eco-hydrogeochemical response of tropical glacierized wa-

tersheds to climate change, I developed and implemented an integrated field data and
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computational model approach that can resolve multiple processes continuously and

over different temporal and spatial scales. Specifically, I leveraged a physically based

and coupled land-surface, hydrologic, and reactive transport model called BioRT-Flux-

PIHM (Shi et al., 2013; Zhi et al., 2020) to examine the above-mentioned questions.

Structure of this Dissertation

I have written this dissertation as a series of three discrete manuscripts, one of

which was published in a peer-reviewed journal (Hydrology and Earth System Sceinces

(HESS)), one that is published in the American Geophysical Union (AGU) journal

Water Resources Research (WRR), and one that is intended for publication in a peer-

reviewed journal. As such, each of the three primary chapters (chapters 2-4) features its

own introduction, research site description, methodological overview, results, discussion,

and conclusion.

Chapter 2, Multi-scale temporal variability in meltwater contributions in a tropical

glacierized watershed offers a comprehensive evaluation of the hydrological process at

multiple time scales in a sub-humid tropical glacierized watershed on Volcán Chimborazo

in the tropical Ecuadorian Andes to estimate the relative glacier melt contribution to

stream discharge. This paper is published in a peer-reviewed journal (Hydrology and

Earth System Sceinces (HESS)) (Saberi et al., 2019).

Chapter 3, Spatiotemporal drivers of hydrochemical variability in a tropical glacier-

ized watershed in the Andes, examines the relative roles of subsurface processes, includ-

ing mineral dissolution and groundwater flow, and year-round glacier melt input, on the

export of solutes from a tropical glacierized watershed. This paper is published in the

American Geophysical Union (AGU) journal Water Resources Research (WRR) (Saberi

et al., 2020).

Chapter 4, Evaluating the Hydrological Response of a Tropical Glacierized Moun-

tainous Watershed to Upslope Vegetation Migration, assesses the impact of upslope

migration of vegetation on hydrology of a tropical glacierzied mountainous watershed.

The final chapter, Conclusions and Future Research Directions, briefly summarizes

the key findings of this integrative project and identifies possible directions for future

research.



Chapter 2

Multi-scale Temporal Variability

in Meltwater Contributions in a

Tropical Glacierized Watershed

2.1 Introduction

Glaciers supply water resources to over 600 million people worldwide (Messerli et al.,

2004). By melting during dry seasons and drought years, they supplement streamflow

(Fountain & Tangborn, 1985; Lang, 1986; Escher-Vetter et al., 1994; Jansson et al.,

2003; Juen et al., 2007; Soruco et al., 2015; Chen et al., 2017) and ensure reliable water

supplies (Mark & Seltzer, 2003; Mark & Mckenzie, 2007; Bury et al., 2013). This has

led to the commonly held conceptual model, called the ”glacier compensation effect”

(Lang, 1986), in which meltwater buffers discharge variability.

Climate change can disrupt the glacier compensation effect, and tropical glacierized

watersheds that already experience year-round melt (Kaser & Osmaston, 2002) may

be the most vulnerable. Climate models predict amplified temperature increases at

high altitudes in low latitudes (Bradley, 2006; Pepin et al., 2015). The retreat of these

glaciers temporarily results in increased runoff (Braun et al., 2000; Mark, 2008; Polk

et al., 2017; Carey et al., 2017), but gradually depletes the storage of these mountain

“water towers”. Over time, this reduction in storage capacity can render these glaciers
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unable to supply sufficient dry-season meltwater discharge for the communities that

depend on it (Barnett et al., 2005; Bradley, 2006; Mackay, 2008; Ostheimer et al.,

2005b; Luce, 2018). Indeed, observations already reveal reduced and fluctuating flows

in glacierized watersheds (Mark & Seltzer, 2003; Huss et al., 2008; Baraer et al., 2012;

Rabatel et al., 2013; Baraer et al., 2015; Soruco et al., 2015), threatening the water

security of millions of people (Immerzeel et al., 2010; Carey et al., 2017; Vuille et al.,

2018).

Of all glaciers in the tropics, 99% are located in the Andes (Kaser, 1999), often in

remote regions, where resource-limited populations rely on their meltwater (Bury et al.,

2011; La Frenierre & Mark, 2017). Despite over a decade of research in Peru’s heavily

glacierized Cordillera Blanca (Mark & Seltzer, 2003; Mark & Mckenzie, 2007; Juen et al.,

2007; Mark et al., 2005; Baraer et al., 2012, 2015), many of the processes linking vari-

ability in climate, glacier melt, and stream discharge remain uncertain. For example,

groundwater is also a major contributor to discharge in many glacierized mountainous

watersheds around the world (Clow et al., 2003; Liu et al., 2004; Huth et al., 2004;

Hood et al., 2006; Tague et al., 2008; Tague & Grant, 2009; Baraer et al., 2009; An-

dermann et al., 2012; Baraer et al., 2015; Pohl et al., 2015; Somers et al., 2016; Engel

et al., 2016; Schmieder et al., 2018; Harrington et al., 2018). This can further modulate

discharge through baseflow, but its capacity to do so as glaciers respond to climate

change is complicated by largely unconstrained relationships between glacial meltwater

and groundwater recharge (Favier et al., 2008; Baraer et al., 2015; Gordon et al., 2015;

Minaya, 2016; Harrington et al., 2018).

Understanding how different surface and subsurface pathways influence the timing

of meltwater and groundwater contributions to streamflow is critical for predicting how

climate change will impact the reliability of watershed discharge. A major challenge in

evaluating these spatiotemporal effects in tropical glacierized watersheds is the relative

data sparsity and resource limitations in these regions compared to better instrumented

mountainous systems in North America and Europe. Many studies in tropical and

other remote glacierized settings rely on focused field campaigns using methods such as

synoptic water chemistry tracer sampling (Mark & Mckenzie, 2007; Baraer et al., 2009,

2015; Wilson et al., 2016), but these provide only snapshots of the hydrologic state.

Even though physically based hydrologic models can provide greater spatiotemporal
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coverage in mountainous settings (e.g., Suecker et al., 2000; Liu et al., 2004; Tague et al.,

2008; Tague & Grant, 2009; Lowry et al., 2010, 2011; Markovich et al., 2016; Pribulick

et al., 2016; Omani et al., 2017; He et al., 2018), their application is relatively limited in

Andean watersheds (previous implementations include work by Buytaert & Beven, 2011;

Minaya, 2016; Omani et al., 2017; Ng et al., 2018) due to the lack of extensive monitoring

infrastructure. With these obstacles, there remains limited understanding of how stream

discharge in tropical glacierized watersheds varies over time scales ranging from hours

to years, and how this variability is driven by dynamic inputs of glacial meltwater and

precipitation through a combination of surficial and subsurface pathways.

In this study, we probe the multiple time scales of hydrological processes in a sub-

humid glacierized watershed on Volcán Chimborazo in the tropical Ecuadorian Andes.

Prior to this work, there have been no comprehensive efforts on Chimborazo to quantify

glacier melt as a component of watershed discharge. In contrast to the well-studied

crystalline-cored Cordillera Blanca in the outer tropics, Chimborazo is a stratovolcano

located in the inner tropics, and therefore experiences less-pronounced seasonality in

precipitation (Kaser & Osmaston, 2002) and more persistent ablation due to higher

humidity (Vuille et al., 2003; Favier, 2004; Harpold & Brooks, 2018). Higher humidity

can enhance ablation rates by increasing net longwave radiation and condensation (Har-

pold & Brooks, 2018). Most mixing model analyses of melt contributions in the outer

tropics have been limited to the dry season, leaving wet season effects less well under-

stood. In the inner tropics, coincident glacier melt and precipitation inputs throughout

the year could lead to multiple processes simultaneously driving discharge variability

that are difficult to disentangle. Furthermore, Andean volcanoes may feature fractured

bedrock aquifers that support greater groundwater storage and baseflow than those

in crystalline-cored mountainous watersheds (Tague & Grant, 2009; Markovich et al.,

2016), adding another factor to be reconciled. A growing body of work at Volcán An-

tisana, also located in the inner tropics, has begun to shed light on its hydrogeologic

(Favier, 2004; Caceres et al., 2006; Favier et al., 2008; Cauvy-Fraunié et al., 2013) and

ecohydrologic (Minaya, 2016) conditions, but comprehensive understanding of mountain

hydrology in the inner tropics still greatly lags that in the outer tropics.

Here, we implement field and computational methods to answer two questions: (1)

What is the temporal variability of relative glacier melt contributions to discharge, from
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hourly to multi-year time scales, in a sub-humid glacierized watershed on Volcán Chimb-

orazo? (2) What hydroclimatic factors control this variability? Our approach comprises

three methods: mixing model analysis applied to repeat synoptic sampling; time series

analysis of hydroclimatic data; and numerical watershed modeling. Each method inter-

rogates a distinct temporal relationship, and synthesizing their results illuminates how

the dominant surface and subsurface processes driving the hydrological response of a

tropical glacierized watershed vary as a function of time scale.

2.2 Study Area

Volcán Chimborazo is a glacierized stratovolcano in Ecuador (Figure 3.1a) whose glaciers

serve as the headwaters for four major river systems – the Rio Mocha (NE flank), Rio

Colorado (NW flank), Rio Guano (SE flank), and Rio Chimborazo (SW flank) – that

supply water to a population of over 200,000 (INEC, 2010). Located in the inner

tropics, Chimborazo’s climate is characterized by minimal intra-annual temperature

variation (∼2 ◦C) and moderately seasonal precipitation, with two wetter seasons of

unequal length (February-May and October-November) (Clapperton, 1990), and two

intervening drier seasons that have less but not negligible amounts of precipitation.

Moisture mostly originates from the Amazon Basin to the east (Vuille & Keimig, 2004;

Smith et al., 2008a), which produces a steep northeast (up to 2000 mm/yr) to southwest

(<500 mm/yr) precipitation gradient across the mountain (Clapperton, 1990). Driving

interannual climatic variability at the regional scale, El Niño generally brings drier and

hotter conditions throughout the Andes (Vuille & Bradley, 2000; Wagnon et al., 2001;

Francou, 2003; Bradley et al., 2003; Vuille & Keimig, 2004; Smith et al., 2008a), which

enhances glacier ablation (Wagnon et al., 2001; Favier, 2004; Veettil et al., 2014b).

Records since 1980 indicate that, consistent with the rest of the tropical Andes,

temperatures have warmed 0.11 ◦C decade−1 around Volcán Chimborazo (Vuille et al.,

2008; La Frenierre & Mark, 2017). This likely caused the 21% reduction in ice surface

area and 180 m increase in mean minimum elevation of clean ice observed between

1986 and 2013 (La Frenierre & Mark, 2017). Although regional precipitation gauges

show no notable change over time, local residents report a reduction in precipitation,

which could further drive glacier mass balance changes (La Frenierre & Mark, 2017).
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Figure 2.1: (a) Satellite image of Volcán Chimborazo, with the study watershed Gavilan
Machay outlined in red, and its location in Ecuador shown in the inset map. The
glacierized Gavilan Machay watershed is a relatively humid watershed compared to the
western flank of Chimborazo. (b) Land cover and locations of monitoring stations and
water sampling within the Gavilan Machay watershed.
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Historical records of glacier melt are not available. Under current conditions, only four

of Chimborazo’s seventeen glaciers, including the two largest, Reschreiter (2.55 km2)

and Hans Meyer (1.33 km2), generate perennial surface discharge, nearly all of which

flows northeast into the Ŕıo Mocha watershed. The lowest 16% of Reschreiter Glacier is

debris-covered, providing insulation that stabilizes ice at lower elevations (4480 m a.s.l.)

than would be expected for clean ice, given current climatic conditions. Our study

focuses on the 7.5 km2 Gavilan Machay sub-catchment on the sub-humid northeast

flank of Chimborazo (Figure 3.1b), which is 34% glacierized by Reschreiter and is of

concern because it discharges into the main Ŕıo Mocha channel just upstream of the

Boca Toma diversion point (3895 m a.s.l. elevation) for an irrigation system.

In addition to glacier melt, groundwater and ecological conditions also control the

hydrology of the Gavilan Machay watershed. Springs are prevalent below 4400 m a.s.l.

Geologic maps and stratigraphic interpretations (Barba et al., 2005; Samaniego et al.,

2012) support field evidence for aquifers within unsorted glacial deposits and fractured

bedrock (McLaughlin, 2017). Extensive areas of páramo, the biologically rich grasslands

endemic to the tropical Andes above ∼3500 m a.s.l., are common across the watershed.

Wet páramos commonly contain homogeneous Andosol soils of volcanic origin that can

accumulate elevated organic carbon content; this typically gives rise to high porosity,

infiltration capacity, hydraulic conductivity, and water retention (Buytaert et al., 2006;

Buytaert & Beven, 2011). Absorbent páramo soils are considered to very efficiently reg-

ulate watershed discharge throughout Andean Ecuador (Buytaert et al., 2006; Buytaert

& Beven, 2011; Minaya, 2016).

2.3 Methods

2.3.1 Hydroclimatic Data

Precipitation, temperature, and relative humidity data were collected from October

2011 to February 2017 from weather stations installed at 4515 m a.s.l. on the debris-

covered portion of Reschreiter Glacier and at 3895 m a.s.l. at Boca Toma (Figure

A1). Logistical obstacles prevented instrumentation of the upper three-quarters of the

watershed above Reschreiter. The Boca Toma weather station was deployed with an

Onset Hobo Pendant R© Event Logger starting June 16, 2015. The Reschreiter weather
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station was deployed with an Onset Hobo Micro Station starting October 2011, but

temperature and precipitation data recovery was discontinuous. The short data records

from Reschreiter were primarily used together with Boca Toma data to determine a

lapse rate for precipitation. Precipitation in mountainous watersheds typically exhibit

piecewise linear relationships with elevation, with positive (negative) lapse rates below

(above) the elevation of maximum precipitation (Wang et al., 2016). We calculated a

negative lapse between the two weather stations, which we applied over the entire wa-

tershed with the assumption that the elevation of maximum precipitation lies below the

watershed. Uncertainty in this approach arises from the actual unconstrained elevation

of maximum precipitation (which requires more than two weather stations), and from

unquantified precipitation measurement errors that may be caused by wind and freezing

temperatures at high elevations. Glacier melt was separately estimated through model

calibration to stream discharge data (Section 2.3.3), which may compensate for errors in

the precipitation inputs. Temperature lapse rates were calculated using data collected

at glacier ablation stakes (described further below) over June 2016 to November 2016.

Relative humidity measured at the Boca Toma station was applied over the entire wa-

tershed due to the lack of measurements elsewhere. Discharge simulations should be

less sensitive to errors in relative humidity compared to precipitation and temperature,

which directly control water inputs to the watershed. We obtained unmeasured mete-

orological variables (wind speed, solar radiation, longwave radiation, and air pressure)

from the Global Land Data Assimilation Systems (GLDAS) (Rodell et al., 2004). A dis-

charge gauging station equipped with a Solinst Levelogger Junior pressure transducer

was established at Gavilan Machay, 1.1 km upstream of the Ŕıo Mocha confluence.

Solinst Barologger measurements at Boca Toma were applied to correct for atmospheric

pressure, and standard USGS rating curve techniques (Andrews, 1981a,b) were used to

convert water depth to discharge over the period of record (Figure A1).

In June 2016, glacier ablation stakes were installed at two elevations on the Reschre-

iter Glacier tongue (4792 and 4820 m a.s.l.) and one on the Hans Meyer Glacier tongue

(4925 m a.s.l.), all in clean ice. Each stake included a temperature sensor, along with a

look-down ultrasonic sensor for measuring changes in distance to the ice surface to esti-

mate glacier mass loss in clean ice. The stakes were deployed using the open-source

Arduino-compatible ALog data logger (BottleLogger v1.4.0, an intermediate model
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between v1.0.0 (Wickert, 2014) and v2.2.0 (Wickert et al., 2019)). All sensors were

mounted at the top of 3 m long PVC tubes, which were inserted into holes drilled

to about 2.5 m depth. In addition to the clean-ice mass loss determined with ablation

stakes, glacier volume change of debris-covered ice was estimated by differencing a GPS-

validated photogrammetric digital elevation model in 1997 and terrestrial laser scanner

(Riegl LMS-Z620) surveys in 2012 and 2013 (La Frenierre & Mark, 2017). Because of

the sparse spatiotemporal coverage of these glacier melt measurements, these were used

only as comparisons for calibrated glacier melt and were not directly applied in our

analysis.

Hydroclimatic data collected in the watershed were directly assessed using statistical

analyses and implemented as inputs to the integrated hydrologic model. For the sta-

tistical analysis, we calculated cross-correlations to probe how the discharge time series

may be driven by different climatic factors. Spectral analysis provided further insight

on the time scales, represented by time-frequency, over which these interactions occur.

Specifically, we examined the magnitude squared coherence (Cxy) over time-frequency

(f):

Cxy(f) =
|Sxy(f)|2

Sxx(f)Syy(f)
(2.1)

where Sxx(f) and Syy(f) are auto-spectral densities of variables x and y, respectively,

and Sxy(f) is the cross spectral density of x and y. Like the square of a correlation,

the magnitude squared coherence varies between 0 and 1, with 0 indicating the weakest

relationship between the two variables at frequency f and 1 indicating the strongest

relationship.

2.3.2 Hydrochemical and Isotopic Tracers

2.3.2.1 Field Sampling

Water samples were collected for use in the Hydrochemical Basin Characterization

Model (HBCM) (Section 2.3.2.3), a hydrochemical mixing model that spans the stream

network and requires synoptic water sampling over a sufficiently short time period such

that data reflect spatial and not temporal variability. We carried out five synoptic sam-

pling campaigns during January 1-8, 2012; July 7-9, 2012; June 12-15, 2015; June 25-30,
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2016; and February 4-7, 2017. The June and July (January and February) samples repre-

sent the longer (shorter) dry season. Dry seasons were targeted because of water resource

interests during these periods; integrated hydrologic model simulations served to extend

the analysis to wet seasons. In addition to limiting the number of days spanned during

a sampling campaign, synoptic sampling should avoid hourly timescale hydrochemi-

cal fluctuations. All samples were collected between mid-morning and mid-afternoon.

In February 2017, we confirmed that 1-minute resolution specific conductivity changes

over a 24-hour time period at the Reschreiter glacier tongue were an order of magnitude

smaller than the spatial variability across the Gavilan Machay subcatchment (details

in McLaughlin, 2017). Logistical difficulties prevented similar measurements farther

downstream in the watershed, where dynamic melt versus groundwater contributions

likely caused greater hydrochemical variability (Section 2.4.1).

During each of the five campaigns, we collected water samples from meltwater (which

may contain both glacier melt and snowmelt), springs, and precipitation, as well as

at stream confluence mixing points (locations shown in Figure 3.1b). Spring samples

from concrete capture boxes or natural valley wall seeps represent groundwater, which

consists of an unconstrained mix of shallow saturated soil water from páramo areas,

morainic debris aquifer water, and deeper fractured bedrock aquifer water. Precipitation

samples were collected using evaporation-proof totalizing rain gauges deployed for 3-6

days at Boca Toma, near the Reschreiter weather station, and near Hans Meyer glacier

(at 4780 m a.s.l.). Each field campaign covered most of the same sampling locations

between the Reschreiter glacier tongue and the Gavilan Machay confluence. The 2012

and 2017 sampling periods included additional stream samples between some confluences

to estimate groundwater contributions along shorter stream reaches (Figure 2.2b). For

each sampling site, 30mL of water were collected, filtered in the field using either 0.45

µm (before 2017) or 0.2 µm (2017) filters, and stored in Nalgene bottles that were

capped and sealed with electrical tape, and then stored near 4 ◦C as soon as possible.

2.3.2.2 Laboratory Analysis

In 2012, major dissolved ions (Li+, Na+, K+, Mg2+, Ca2+, F-, Cl-, NO-
3, PO3-

4 and

SO2-
4 ) were measured using a Dionex DX500 Ion Chromatographer at the Water Iso-

tope and Nutrient Laboratory at The Ohio State University, and stable isotopes of
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Figure 2.2: Different computational cell configurations for the HBCM mixing model
based on the available samples (site codes in squares, see Figure 3.1) for each of the five
periods. The upper solid line for each period represents the main channel. The lower
solid lines depict tributary links for confluence cells, and the lower dotted lines show
groundwater inputs to the main channel for reach cells.

water (δ18O and δ2H) were measured using Piccaro L2130-i CRDS isotope analyzers

at the Water Isotope and Nutrient Laboratory and at the Byrd Polar and Climate Re-

search Center. In 2015-2017, cations (Na+, K+, Mg2+, Ca2+) were measured using an

Agilent 7700X Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) at Gustavus

Adolphus College, anions (F-, Cl-, SO2-
4 ) were measured using a Dionex ICS1000 Ion

Chromatographer (IC) also at Gustavus Adolphus College, and stable isotopes of water

(δ18O and δ2H) were measured at the University of Minnesota using an LGR DLT-100

Liquid Water Analyzer (a laser spectroscopy system). We calculated the bicarbonate

(HCO-
3) concentration as the charge balance residual. Reported isotope ratios are rela-

tive to the Vienna Standard Mean Ocean Water (VSMOW) and typical precisions are

±1.0 for deuterium/hydrogen values and ±0.25 for 18O/16O values. Checking for con-

sistency across instruments, we confirmed that bulk concentrations at each location and

spatial trends for each analyte were similar across sampling periods (Figure A3). Cer-

tain analytes did exhibit a discernible systematic bias for a particular sampling period,
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which may be related to laboratory instrument, but this should not pose a problem for

the mixing model, because it is implemented only using data within the same sampling

period (measured on the same instrument).

2.3.2.3 Mixing Model: Hydrochemical Basin Characterization Model (HBCM)

Naturally occurring dissolved ions and stable isotopes of water (δ18O and δ2H) are com-

monly used to track the relative contributions of different surface source waters to total

watershed discharge (Hooper & Shoemaker, 1986; Mark & Seltzer, 2003; Ryu et al.,

2007; Mark & Mckenzie, 2007; Baraer et al., 2009), as well as to identify groundwater

flow paths (Clow et al., 2003; Kendall et al., 2003; Baraer et al., 2009; Crossman et al.,

2011; Baraer et al., 2015). Here, the proportion of glacier and snow melt versus ground-

water in discharge at the Gavilan Machay watershed is quantified using HBCM, a multi-

component hydrochemical mixing model developed for use in data-sparse, glacierized

tropical watersheds (Baraer et al., 2009). Given source (or “end-member”) and outflow

chemistries at different mixing points throughout the watershed, HBCM solves an over-

constrained set of mass balance equations for multiple tracers to determine the relative

flow contributions of each source. Details are provided in the Appendix A (HBCM

Section).

As with all hydrochemical mixing models, HBCM’s calculation of relative source

contributions depends on three fundamental assumptions: (1) end-member chemistry

is unique and spatially homogeneous within the analysis area; (2) tracers are chem-

ically conservative within the analysis; and (3) end-member mixing is instantaneous

and complete (Christophersen et al., 1990; Soulsby et al., 2003). A unique feature of

HBCM is that it represents spatial information within a watershed through a series of

cells that are interconnected by having outflow from one become inflow to a subsequent

downstream cell. There are two types of cells, both of which have streamflow at the

upgradient end of the cell as a source and streamflow at the downgradient end of the

cell as the mixed water output. “Reach cells” have groundwater as their other source,

and “confluence cells” have tributary water as their other source (see cartoon in Figure

A2). Note that this makes end-members for a particular HBCM cell different than for

the full watershed, which has only meltwater and groundwater as sources contributing

to discharge at the outlet. Figure 2.2b shows the conceptual schematics of the Gavilan
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Machay cell configuration for the five sampling periods.

Although HBCM only requires the three assumptions to be met on a cell-scale, we

carried out a preliminary watershed-level analysis considering groundwater and melt-

water as sources to all mixed stream samples, in order to identify potential conservative

tracers that are reasonable candidates for all cells. Appropriate tracers should show

end-members appearing on opposite ends of a line formed by mixed samples in bivari-

ate plots, and samples for different end-members should group separately from each

other in hierarchical cluster analysis diagrams (Christophersen et al., 1990; Hooper,

2003; James & Roulet, 2006). Stable isotopes were excluded as tracers for reach cells,

because the groundwater likely has a range of isotopic values due to different recharge

elevations.

To bracket some of the uncertainty in the method, HBCM generates estimates of

fractional contributions from each source using different combinations of potential trac-

ers. The final result consists of a range of estimates that produce similar (within about

three times the minimum) cumulative residual errors between the measured tracer con-

centrations in the mixed outflow water and that predicted by the over-constrained mix-

ing model. This quantifies uncertainty due to the model’s inability to distinguish among

equally good optimization results but represents only a lower limit of error, because it

does not account for the mismatch between the observed and predicted mixed concen-

tration outflows. There are no straightforward methods to convert the sum of residual

concentration flux errors to estimated source contribution errors.

2.3.3 Integrated Hydrologic Modeling

Spatially distributed watershed models can integrate surface hydrology and groundwater

flow through time to evaluate their joint impacts on water resources. Over the one-year

period of June 2015-June 2016 when continuous air temperature and precipitation mea-

surements are available in the watershed, we implemented Flux-PIHM version 0.5.0

(Shi et al., 2013), an intermediate complexity watershed model that balances mecha-

nistic parameterizations with computational efficiency. Full details about Flux-PIHM

can be found in Qu & Duffy (2007) and Shi et al. (2013); here, we summarize the ma-

jor features. Flux-PIHM couples physically based equations for canopy interception,

infiltration, surface and subsurface water flow, and snow melt with the energy balance
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scheme of the NOAH land-surface model (Ek et al., 2003) for more accurate simulation

of evapotranspiration. Flux-PIHM employs a semi-discrete finite volume approach on

an unstructured grid that performs efficiently on steep topographies. Channel and over-

land flow are represented by diffusion wave approximations to St. Venant equations,

shallow groundwater flow follows a 2D Dupuit approximation, and unsaturated zone

flow is based on a 1D form of Richards equation. The model simulates water storage in

one vertically integrated unsaturated zone layer and one vertically integrated saturated

zone layer, providing a “2.5D” distributed model. Other PIHM family codes include

the watershed reactive transport module RT-Flux-PIHM (Bao et al., 2017; Li et al.,

2017b), hydrologic and landscape evolution module LE-PIHM (Zhang et al., 2016),

among a suite of other functional modules (Duffy et al., 2014).

Flux-PIHM determines snowmelt based on energy balance. Use of coarse-scale

GLDAS radiation inputs introduces errors, but as will be discussed in Section 2.4.3.1,

precipitation limitations may make snowmelt calculations less sensitive to radiation in-

put uncertainties compared to glacier melt calculations. Due to the unavailability of

high resolution radiation input measurements as well as intensive source-code modifica-

tions required to couple energy balance calculations for ice melt into the Flux-PIHM,

we added a separate module to simulate glacier melt using a temperature index scheme

(NRCS, 2009). Although the accuracy of a temperature index glacier melt model for

tropical glaciers can be uncertain due to uncaptured effects of solar radiation, cloud

cover, humidity, topography, and aspect (Hock, 1999, 2005; Pellicciotti et al., 2005;

Sicart et al., 2008; Huss et al., 2009; Gabbi et al., 2014; Fernández & Mark, 2016), it

remains the most feasible approach in poorly instrumented watersheds given its simplic-

ity and limited field data requirement compared to an energy balance approach (Hock,

2005; Fernández & Mark, 2016; Reveillet et al., 2017). The temperature index glacier

melt model includes:

FI =

MI(Ta − TM,I) if Ta > TM,I

0 if Ta ≤ TM,I

(2.2)

where FI is the ice melt rate (m/hr), Ta is air temperature in the grid cell containing ice

(◦C), MI is the melt factor parameter (m/hr/◦C) to be calibrated, and TM,I (◦C) is set

to 0◦C as the air temperature threshold for ice to melt. Over the simulated time period,
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we assume that there is an unexhausted supply of ice that can melt in the glaciated grid

cells below the equilibrium line altitude (ELA) at ∼5050 m a.s.l. (La Frenierre, 2014),

which is a reasonable approximation over the one-year simulation period. The melt

simulated with the temperature index model was added to the precipitation amount for

the Flux-PIHM forcing inputs.

We used the PIHMgis software (Bhatt et al., 2014) to construct an unstructured do-

main of 188 cells over the Gavilan Machay subcatchment using a 30 m resolution Shuttle

Radar Topography Mission (SRTM) Digital Elevation Model (DEM) (Farr et al., 2007).

Although a major feature of PIHMgis is its tight integration with spatial and tempo-

ral datasets for model inputs such as soil properties and meteorological forcing, these

datasets only cover densely monitored regions, mostly within North America and Eu-

rope. For meteorological forcing, we used the spatially distributed inputs described in

Section 2.3.1. Vegetation mapping by McLaughlin (2017), based on 30-cm resolution

aerial photo surveys conducted by the Sistema Nacional de Información de Tierras Ru-

rales e Infrastructura Tecnológica (SIGTIERRAS; http://www.sigtierras.gob.ec/

descargas/), provided land-cover types and boundaries. Built-in land-cover parame-

ters from Noah-LSM were used for the “grassland/herbaceous” type at lowest elevations

corresponding to páramo, the “barren/sparsely vegetated” type for intermediate eleva-

tions with rock/dirt/gravel, and the “perennial ice/snow” type for the ice-covered areas.

This approach simplifies the mix of tussock grasses, acaulescent rosettes, and cushion

plants that make up the páramo into a single representative “grassland/herbaceous”

type in order to reduce the calibration burden. For the grassland/herbaceous land

cover type, the default monthly Leaf Area Index (LAI) values were replaced with mea-

surements from MODIS (Vermote, 2015) to avoid using incorrect seasonal changes from

the original model settings for this tropical region. Hydraulic parameters were manually

calibrated to match observed discharge at Gavilan Machay.

2.4 Results and Discussion

This section presents the respective insights gained from each of the three methods on

the temporal relationship among meltwater, groundwater, and discharge: the mixing

model analysis offers discrete multi-year estimates over five years; the time series analysis
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shows fine-scale hourly resolution correlations; and the integrated hydrological model

explores intermediary weekly to seasonal processes within a one-year simulation period

containing a strong El Niño event. A complete interpretation of the multi-scale temporal

variabilities and their hydroclimatic controls emerges in Section 2.4.3.2 when evaluating

the model simulations in relation to the mixing model and time series analysis results.

2.4.1 Mixing-model analysis of meltwater contributions to discharge

Total cation concentrations provide a summary representation of hydrochemistry results

from the five dry-season synoptic sampling periods in Figure 2.3. These plots show that

even though hydrochemical conditions vary over the different periods, groundwater sam-

ples, which geochemically interact with soil and rocks, consistently contain much higher

ion concentrations than meltwater samples. The distinctive chemistries of groundwater

and meltwater make it possible to use the mixing model approach to estimate their rel-

ative contributions to streamwater, which shows an increase in ion concentration while

moving downgradient due to the cumulative addition of groundwater (see Figure 3.1b

for sample locations). We chose as tracers those analytes that most consistently showed

the mixed sample visually falling close to the line between its two source samples in

the bivariate plots in Figures A4-A8: sum of monovalent cations, Mg2+, Ca2+, Cl-, and

HCO-
3. Hierarchical cluster analysis lends confidence that these five potential tracers

can be used in the mixing model analysis to distinguish between groundwater and melt

samples as different watershed-level end-members (Figure A9). Precipitation was not

included as an end-member, because precipitation samples tended to plot outside the

range of stream samples bracketed tightly by groundwater and meltwater samples in

bivariate plots. Rather than directly add to streamflow, most of the precipitation that

fell close to the sampling time likely evapotranspired or infiltrated and contributed to

streamflow through groundwater.

HBCM results in Figure 2.4 illustrate the importance of both meltwater and ground-

water in the watershed. Surficial meltwater comprises between 23-66% of discharge dur-

ing the five dry-season sampling periods, with groundwater constituting the remaining

34-77% at any given time. Notable differences were observed across the sampling peri-

ods. The higher relative melt contribution during February 2017 compared to January

2012 could reflect the accelerating melt rates observed on Chimborazo (La Frenierre
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Figure 2.3: (a) Hydrochemistry at different sampling locations along the Gavilan
Machay main channel shows variability in space and over the five sampling periods;
site codes are ordered from highest (0 for meltwater) to lowest (16 for Boca Toma) el-
evation (see Figure 3.1b). (b) Hydrochemistry for different tributary (sites 3, 6, 9, and
15) and groundwater (spring) samples (sites 5 and 13), ordered from highest to lowest
elevation, show variability in space and time.

& Mark, 2017). However, the absolute melt contribution, determined by applying esti-

mates of relative melt contributions to average observed weekly discharge measurements

around the sampling time, was in fact lowest in February 2017, because of significantly

less total discharge compared to the other sampling periods (Figure 2.4b). The lower

total discharge was likely due to lower precipitation and temperature during the weeks

around the sampling period compared to during the other sampling periods (Figure

A1). Our findings across the five sampling periods demonstrate that one single syn-

optic tracer test should not be directly generalized or interpreted without considering

temporal dynamics and groundwater conditions.
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Figure 2.4: The HBCM mixing model predicts a range in relative surficial meltwater
contributions to discharge over five discrete sampling times, which may reflect both
temporal changes and uncertainties. Error bars bracket HBCM estimates that produced
similar best matches to observed tracer concentrations; however, actual uncertainties
are higher because of residual errors. Absolute meltwater discharge contributions can
vary in time very differently than relative inputs, in part due to varying groundwater
contributions.

Our results show Volcán Chimborazo to deviate from trends found at the well-

studied Cordillera Blanca, likely due to its distinct climatic and geologic conditions.

When compared to an exponential fit between relative groundwater contribution and

glacierized fraction for four watersheds in the Cordillera Blanca (Baraer et al., 2015),

our estimates for groundwater contributions in Gavilan Machay are approximately twice

as large. Also, the glacierized Gavilan Machay sub-catchment of the Upper Ŕıo Mocha

watershed has a specific discharge that is less than half of that in the non-glaciated por-

tion, in contrast to the greater specific discharge generally found with greater glacierized

areas in the Cordillera Blanca (Baraer et al., 2009; Mark & Seltzer, 2003).

HBCM implementation with five different field campaigns enabled us to evaluate

uncertainties due to distinct sampling plans. We found that changing HBCM cell con-

figurations could generate up to a 23% melt fraction difference in estimates. Also, having

fewer HBCM analysis cells (e.g., longer stream reaches) and fewer groundwater sam-

ples consistently led to greater HBCM residual errors. Too few groundwater samples
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becomes problematic when groundwater is not a homogeneous end-member through-

out the watershed, which is the case in Gavilan Machay, which contains springs with

somewhat higher solute concentrations at lower elevations (Figure 2.3b). Further, er-

rors in the estimated groundwater contribution grow when using fewer and longer reach

cells, because with additional and shorter reach cells, observations can reset the stream

channel chemistry to correct concentrations. These results demonstrate the importance

of adequately measuring the spatial variability of the surface and subsurface flow net-

work, and they prompt the use of alternative methods to help constrain uncertainties

in HBCM analysis results.

2.4.2 Time series and spectral analysis of hydroclimatic controls

Because of the uncertainties and long time gaps in the HBCM analyses, we applied

statistical analyses to the continuous data available from July 2015 to March 2016 at

the Boca Toma weather station and Gavilan Machay gauging station to further infer

characteristic trends between meltwater and discharge and their climatic controls. Con-

sidering air temperature as a proxy indicator of meltwater, the hourly cross correlation

of air temperature leading discharge at Gavilan Machay in Figure 2.5a shows a strong

diurnal signal, with peak discharge occurring four hours after the warmest part of the

day at an average rate (0.1 m3/s) that is about twice the magnitude of average morning

discharge.

To determine if melt could be driving discharge variability beyond diurnal time

scales, we examined the magnitude squared coherence between temperature and dis-

charge in Figure 2.5c, which quantifies their correlation at a certain period (inverse

time-frequency). As expected from the time-series results, the most prominent feature

is the peak at a period of 24 hours. Interestingly, the next highest coherence is at a pe-

riod of 12 hours. While this could be a harmonic artifact of the dominant 24-hour trend,

it is supported by a slight temperature increase commonly observed around 11pm. The

resulting increase in discharge, while detectable, is inconsequential to the total daily

water balance. Other very narrow coherence peaks at periods less than 12 hours are

likely spurious, because the power spectral densities of both temperature and discharge

are low over that range (Figure A10). However, the smaller but broader peak around 50

to 60 hours suggests that multi-day warming may also drive multi-day discharge events,
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(a)

(d)

(c)

(b)

Figure 2.5: Cross-correlations (with 95% confidence interval shown) of observed dis-
charge at Gavilan Machay with (a) hourly temperature and (b) weekly precipitation
show that discharge has a clear diurnal link with temperature at about a 4 hour lag
and a strong relationship with weekly precipitation, respectively. Magnitude squared
coherence (with various confidence intervals shown) between discharge and (c) temper-
ature exhibits a high peak at 24 hours corresponding to the cross-correlation result,
as well as a strong peak at 12 hours, and a more moderate peak at a multi-day scale.
The coherence between discharge and (d) precipitation peaks between 100 to 200 hours
(about 1 week) and may also be significant at scales approaching one year.

though this link is much weaker than the diurnal response.

The substantial groundwater contributions to discharge inferred from the HBCM

analysis prompts a look at not only melt but also precipitation controls on multi-day

discharge. Hourly precipitation and discharge are very weakly correlated (Figure A11a);

however, a significant correlation of 0.5 appears for weekly averages with zero time lag

(Figure 2.5b). Correspondingly, a high (above 95% confidence interval) and broad

coherence peak between precipitation and discharge can be seen over periods of about

one week (168 hours) (Figure 2.5d). Together, these results suggest that sustained rain

events influence discharge over a week, and therefore that rainwater tends to infiltrate
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instead of flow quickly overland. Other statistically significant (at the 95% confidence

interval) coherences between discharge and both temperature and precipitation across

multi-week to multi-month periods further support the role of even slower subsurface

flow pathways.

Combining the time series analysis with the HBCM results suggests that streamflow

at Gavilan Machay is heavily influenced by both surficial meltwater and groundwater,

and that the latter is driven by precipitation. Furthermore, time series and spectral

analyses highlight temporal links not easily found through a fieldwork-intensive tracer-

based approach: meltwater feeds discharge at Gavilan Machay on an hourly time scale,

while weekly discharge responds most strongly to precipitation events. There are, how-

ever, limitations to this statistical assessment that result from the short nine-month

dataset, which precludes robust examination of any seasonal to multi-year responses to

bimodal wet and dry seasons and El Niño effects. Hydrologic modeling in the follow-

ing section can address this, as well as questions about the quantitative role of melt

contributions or groundwater buffering periods of low rainfall.

2.4.3 Integrated Hydrologic Model Simulations

2.4.3.1 Calibration Results

Matching the observed discharge dynamics with the hydrologic model required calibra-

tion of two different melt factors based on time period: a lower value of 7.10 mm.w.e.

(millimeters water equivalent) ◦C−1 day−1 over December 2015-February 2016; and a

higher value of 8.64 mm.we.◦C−1 day−1 over the rest of the simulation. The estimated

melt factors fall within the range of melt factors calculated for other glaciers in the trop-

ics (3.5-9.9 mm.we.◦C−1 day−1) reported in Fernández & Mark (2016). Our simulation

period coincides with a strong El Niño event that generated the warmest and driest

conditions from late November 2015 to the start of February 2016 (Figure 2.6a–b). The

lower melt factor at this time dampens the intensity of glacier melt, possibly because

of the absence of heat transfer from rain (Francou, 2004), but it nonetheless simulates

among the highest glacier melt volumes of the simulation period (Figure 2.6a), consis-

tent with other studies showing increased glacier melt in response to El Niño events in

the Andes (Francou, 2004; Veettil et al., 2014a; Manciati et al., 2014; Maussion et al.,
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2015; Veettil et al., 2016). Overall, in Gavilan Machay, the average specific glacier melt

rate (in water equivalence) simulated over glaciated areas below the ELA was 1.5 m/yr.

This falls within the range measured at the Reschreiter Glacier tongue, bracketed by

mass balance estimates on slower-melting debris-covered ice of 0.87 m/yr (1997–2013)

and 0.54 m/yr (June 2012–January 2013), and average ablation stake observations on

faster-melting clean ice of 3.4 m/yr (June–November 2016). Although useful for compar-

ing against the calibrated melt model, these measurements do not cover sufficient areas

and periods of time to constrain separate melt factors for debris-covered and clean-ice

melt factors.

Over the entire watershed, the resulting calibrated glacier melt production is equiv-

alent to 68% of the precipitation input and 567% of the simulated snowmelt amount

during the simulation period. Based on temperature, Flux-PIHM partitioned the pre-

cipitation input into 12% snowmelt and 88% rainfall. The much smaller amount of

simulated snowmelt compared to glacier melt supports the earlier suggestion (Section

2.3.3) that snowmelt could be precipitation-limited rather than energy-limited. This

helps justify our separate approach of simulating snowmelt through Flux-PIHM’s energy

balance module while simulating glacier melt through a calibrated temperature-index

model, because energy balance calculations of glacier melt would be much more sensitive

to uncertainties in coarse-scale radiation inputs than snowmelt. We do acknowledge,

however, that snowmelt simulations depend on lapse-rate-determined precipitation in-

puts that have their own uncertainties (Section 2.3), and so our calibrated glacier melt

may include some amount of snowmelt that is not represented in the model.

The calibration procedure also involved soil parameter adjustments. Hydraulic pa-

rameter estimates in páramo environments are scarce, and their characterization can be

uncertain (Buytaert et al., 2006). For an initial estimate, we applied pedotransfer func-

tions used in Flux-PIHM (Wosten et al., 1999) to a range of páramo soil measurements

from a study area 20 km northwest of Chimborazo (3800 to 4200 m a.s.l.) (Podwojew-

ski et al., 2002) and from a study watershed on glaciated Volcán Antisana also in the

Ecuadorian Andes (4000-4600 m a.s.l.) (Minaya, 2016) (see Table A1 for full details).
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Figure 2.6: Time series of weekly moving average of (a) average air temperature over

the ablation zone (glacier-covered areas below the ELA (5050 m a.s.l.)) and simulated

glacier melt production; (b) precipitation (solid line), and precipitation+glacier melt

(dashed lines) production (c) discharge at Gavilan Machay from observations (gray), cal-

ibrated simulations (blue solid), and simulations with no ice-melt (black solid); ground-

water contribution to discharge for calibrated (blue dashed) and for no-ice simulations

(black dashed); and (d) simulated percent glacier melt contribution to discharge at Gav-

ilan Machay. The shaded block shows the range of percent melt contributions estimated

for five sampling periods over 2012-2017 from the mixing model; these estimates may

include snowmelt in addition to glacier melt, but omit meltwater contributions through

groundwater.
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We then calibrated the model for three mapped land-cover zones corresponding

to páramo, rock/dirt/gravel, and ice (Figure 3.1). In the páramo zone (Table 2.1),

matching observed discharge required lower hydraulic conductivity and greater water

retention (expressed in van Genuchten hydraulic parameters) than initially estimated.

This is likely due to high organic matter content supported by the study area’s sub-

humid conditions and the well-recognized retentive hydraulic properties of páramo soils

(Podwojewski et al., 2002; Buytaert et al., 2006). In the sparsely vegetated and ice-

covered zones, the calibration yielded higher hydraulic conductivities and lower water

retentions than in the páramo zone, corresponding to reduced organic matter fraction

and fractured bedrock, though the hydraulic conductivities were still lower than the

initial estimates from the pedotransfer functions.

KINF (m/s) KSATV (m/s) KSATH (m/s) Porosity Residual Moisture α (1/m) β (-)
Range predicted for observed

páramo soil textures*
3.71E-8–8.28E-5 8.42E-8–3.71E-5 8.42E-7–6.96E-5 0.418–0.493 0.05 0.327–5.82 1.1–1.173

Calibrated: Grassland� 1.23E-07 4.02E-08 4.02E-07 0.493 0.05 0.488 1.066
Calibrated: Sparsely vegetated� 1.43E-07 4.63E-08 4.63E-07 0.459 0.05 0.585 1.063

Calibrated: Ice-covered� 2.07E-07 4.56E-08 6.71E-07 0.461 0.05 0.863 1.06

*Predicted using pedotransfer functions with 9 páramo soil texture measurements
from Ecuador. Samples are from 3 locations in a glaciated watershed in Volcan
Antisana (Minaya, 2016) and 4 locations about 20 km northwest of Chimborazo
(Podwojewski et al., 2002) (see Appendix A for more details). �Calibrated to match
observed discharge at Gavilan Machay

Table 2.1: Soil hydraulic parameters calibrated for the three soil type areas compared
against the range predicted using the pedotransfer function with measured páramo soil
textures in Ecuador (Podwojewski et al., 2002; Minaya, 2016). Parameters include
hydraulic conductivities for vertical infiltration (KINFV), vertical saturated zone flow
(KSATV), and horizontal saturated zone flow (KSATH); porosity; residual soil moisture;
and shape parameters (α and β) for the van Genuchten moisture retention curve: S =

θres+porosity×
(

1
1+|αψ|β

)(1− 1
β

)
, with saturation ratio of soil (S), residual water content

θres, and pressure head ψ.

Simulation results in Figure 2.6c show that the calibrated model parameters closely

produced the observed weekly discharge, including lower discharge under the drier and

warmer El Niño conditions in December 2015-January 2016. The single major model

mismatch occurred at a precipitation-driven discharge peak in February 2016. This

could reflect uncertainties from the soil parameter calibration, as well as from our use

of a lapse rate-based precipitation field over complex terrain, in which high-altitude
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precipitation events may not all be recorded at the low-altitude rain gauge. On shorter

timescales, hour-of-day simulation results in Figure 2.7b demonstrate that the model

does produce a diurnal trend, but with slightly less than half the average range and at

a 6-hour later peak compared to observations (Figure 2.7a). These hourly discrepancies

can be attributed to weaknesses in the simple melt model. Hock (2005) argued that

temperature index models can successfully capture seasonal glacier melt trends but

struggle with diurnal fluctuations, which are strongly driven by solar radiation dynamics.

Although our simulations cannot reliably produce the timing of hourly discharge, they

can provide informative lower bounds on the size of the average diurnal range.

(a)Observed

(b) Simulated over Observed Period

(c) Simulated - Full Period

(d) Simulated %Melt - Full Period

Figure 2.7: Box plots over local hour-of-day showing 25 – 75 percentiles with boxes
and maximum and minimum with whiskers for (a) observed discharge over the 9-month
observation period, (b) simulated discharge over the 9-month observation period, (c)
simulated discharge over the 12-month simulation period, and (d) simulated percent
glacier melt contribution to discharge over the 12-month period. Simulations do capture
diurnal patterns, but with an underestimated magnitude and shifted peak. Simulated
percent glacier melt contributions to discharge closely mirror the simulated diurnal
fluctuations in discharge.

28



2.4.3.2 Simulations of relative glacier melt contribution to discharge

To quantify relative glacial meltwater contribution to stream discharge using Flux-

PIHM, we compared the calibrated discharge simulations at Gavilan Machay (QCalib)

with simulations that omitted glacier meltwater in the forcing inputs (QNoGlacierMelt).

We then calculated relative glacial meltwater contribution to discharge via:

% Glacier Melt =
QCalib −QNoGlacierMelt

QCalib
× 100%. (2.3)

Apart from the addition of glacier melt in the calibrated case, the two model scenar-

ios include the same model inputs, including air temperature, precipitation (including

identical snowmelt), land cover, and hydrologic properties. Thus, our calculation of

change between the two scenarios isolates the effect of having glacier melt versus not

having glacier melt. Overall, over the one-year simulation period, an average 50% of

stream discharge in Gavilan Machay can be attributed to glacier melt, compared to

an 8% contribution by snowmelt. Because the simulated glacier melt amount was cali-

brated in addition to precipitation inputs, we consider this glacier melt contribution to

originate from the pre-existing ice reservoir at the start of the model period. However,

as noted above (Section 2.4.3.1), the calibrated glacier melt contribution could include

some amount of snowmelt not fully accounted for in the model due to uncertainties in

precipitation inputs.

The estimate provided by equation (2.3) may not exactly correspond to the HBCM

result for meltwater contribution for a number of reasons. First, the water balance

impact of glacier melt conveyed in equation (2.3) may not equal the proportion of

meltwater in a sample of discharge water if, for example, melt inputs facilitate more

runoff of precipitation-sourced water. Also, while equation (2.3) aims to isolate glacier

melt of pre-existing glacier ice, HBCM estimates could include snowmelt and melt of

freshly accumulated ice, depending on the composition of the meltwater sample taken

just below the glacier tongue. Lastly, any melt that infiltrates is considered as part

of the groundwater rather than melt contribution in HBCM estimates, while equation

(2.3) includes the effect of both surficial and groundwater contributions of meltwater to

discharge.

These conceptual discrepancies complicate comparisons between the two methods,
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but it is possible to assess the June 20-25, 2016 HBCM result against the simulation

(other HBCM periods fall outside the one-year model period). During June 20-25,

2016, the 45-64% estimate with HBCM is higher than the average simulated relative

melt contribution of 29%, but it falls within the simulated hourly range of 13-70%

over that time. Considering that samples were collected during the daytime when melt

contributions were generally high, the results from these two approaches reasonably

agree.

While process-driven temporal patterns were difficult to glean from the sparsely

spaced and uncertain HBCM results, Flux-PIHM simulations in Figure 2.6d indicate

considerable variability in weekly glacier melt contributions of 25–61% over June 2015–

June 2016. This range compares very closely with the 23–66% range bounded by the five

HBCM estimates spanning January 2012 to February 2017 (indicated by the shading in

Figure 2.6d), lending further confidence in the consistency between the watershed and

mixing model results, despite the differences in temporal and other types of representa-

tion noted above. Hourly distributions of simulated glacier melt contribution in Figure

2.7d show an average diurnal range of 25-68%; given that the actual range is likely even

broader due to underestimations by the temperature index model, diurnal fluctuations

in relative melt contributions may be of similar or even greater magnitude than changes

on weekly to monthly timescales.

Comparing Figures 2.6c and d reveals a remarkably strong correlation (0.89) between

simulated weekly discharge and relative glacier melt contributions, indicating that major

discharge peaks over multi-day timescales are melt-driven, a time-scale link that was

masked in the time series analysis in Section 2.4.2 by the overwhelming diurnal signal

between temperature and discharge. Figure 2.8b shows strong coherence over 30 to

80 day periods between simulated glacier melt production and relative glacier melt

contributions to discharge, highlighting those timescales as the most prominent for direct

glacier melt inputs beyond diurnal time scales. Although occurring at a longer multi-

month timescale, these melt contributions to discharge nonetheless appear to happen

mostly through fast surface runoff; the model showed most (86%) of the glacier melt

contribution to discharge occurring through surface runoff processes, consistent with

the hourly correlations found between observed discharge and temperature in Section

2.4.2. With the model, the influence of glacier melt production on discharge is clear
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during times such as early January 2016, when an uptick in discharge occurs despite low

precipitation, due to warm temperatures and greater melt production and contribution

(Figure 2.6).

Figure 2.8: Magnitude squared coherences between simulated percent glacier melt con-
tribution to discharge with (a) precipitation and (b) simulated glacier melt production.
Calculations used daily average data to avoid known uncertainties in modeling diur-
nal fluctuations of glacier melt production. Precipitation and glacier melt production
appear to be related to glacier melt contributions at complementary timescales.

Unexpectedly, the peak relative glacier melt contributions (Figure 2.6d) do not al-

ways align with glacier melt production patterns (Figure 2.6a) (e.g., in early February

2017, percent glacier melt contribution peaks just when temperature and glacier melt

production dip), and their weekly correlation is not strong at a 95% confidence level

(Figure A11b). Squared coherences in Figure 2.8a indicate that this is because relative

glacier melt contribution also responds to precipitation, and this happens at weekly and

multi-month timescales when correlations with glacier melt production are low (Figure
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2.8b). In fact, the strong coherence between precipitation and glacier melt contribution

around 6 to 14 day periods reveals that the high correlation between observed weekly

precipitation and discharge in Section 4.3 may relate in part to glacier melt contribu-

tions. Inspection of time periods such as mid-February and the start of April 2016 show

that rainy periods can augment glacier melt contributions to discharge (Figure 2.6b, d)

. During those times, increases in relative glacier melt contributions to discharge coin-

cided with precipitation events during local drops in glacier melt production, possibly

because week-long precipitation creates antecedent moisture conditions that enhance

the fraction of glacier meltwater that runs off over the surface. Surface runoff can be

expected to contain mostly glacier meltwater or high-elevation precipitation, because

runoff generally does not occur on low-elevation páramo soils except under intense pre-

cipitation (Sarmiento, 2000; Harden, 2004).

At greater timescales, significant coherences between precipitation and simulated

relative glacier melt contributions around 120+ days (Figure 2.8a) correspond to overall

lowest relative glacier melt contributions during the dry El Niño period (December 2015-

February 2016) and highest relative contributions during the two wet seasons (February-

May and October-November), possibly due to a transfer of heat from rain to ice. These

glacier melt contribution responses to bi-seasonal to interannual climatic patterns likely

occur through slower groundwater pathways; the simulation with glacier melt produces

18% greater groundwater contributions to discharge than that without glacier melt

(Figure 2.6c). This supports the hypothesis that some amount of glacier meltwater

infiltrates and recharges to groundwater that then discharges farther downgradient to

the stream channel. It should be noted, however, that the subsurface component of Flux-

PIHM contains only a single shallow saturated zone, which mostly closely corresponds to

a perched water table in the soil zone. This model implementation may not accurately

represent additional deeper fractured bedrock aquifers systems, which could discharge

groundwater to streams over shorter, multi-month time scales (Andermann et al., 2012),

in contrast to the relatively constant groundwater dynamics simulated in Figure 2.6c.

Our results may be particular to the moist climate in the Gavilan Machay watershed,

which supports constant groundwater discharge to the stream throughout the year and

reflects compounded effects of melt inputs and rainfall conditions. However, although

glacier melt intensifies discharge variability in this watershed, a baseline 25% glacier melt
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contribution throughout the simulation period indicates that a constant minimum level

of glacier melt helps prevent episodes of even more extreme low flows during drought

times, such as during El Niño conditions.

2.5 Summary and Conclusions

Although meltwater is typically credited with modulating stream discharge by buffering

periods of low precipitation, we demonstrate using a combination of methods that rela-

tive meltwater contributions may drive nearly all the variability in discharge (correlation

of 0.89) over a range of hourly to multi-year timescales while buffering only against ex-

treme low discharge periods in a sub-humid glacierized watershed in the Ecuadorian

Andes. Hydrochemical mixing model results for five sampling periods spanning 2012-

2017 showed the meltwater fraction in discharge may have varied over approximately

20–65%. Hydrologic model simulations over June 2015–June 2016 produced a nearly

identical range for weekly contributions. The model also predicted a very similar av-

erage diurnal range, which likely provided a lower bound of actual variability based on

hydroclimatic data.

This multi-scale variability in melt contributions can be attributed to dynamic cli-

mate forcings that also contain a range of temporal patterns (Figure 2.9). We found a

strong correlation between diurnal temperature and discharge changes that likely reflects

melt production and supports the use of a temperature index melt model (Figure 2.9a).

Although such a simple melt approach somewhat underestimated hourly fluctuation ex-

tremes with a lag, it led to reasonable weekly discharge predictions when implemented

with a seasonally variable melt factor that possibly accounts for additional heat transfer

from rainfall to ice during wet seasons. Spectral coherence analysis of the model results

showed that not only were diurnal discharge patterns responding to melt production,

but relative melt contribution and discharge variations over 30-80 day periods were con-

trolled by extended glacier melt production periods that also contribute to discharge

through surface runoff (Figure 2.9c).

Unexpectedly, model results showed that precipitation also boosted melt contri-

butions to discharge, but on weekly and semi-annual timescales that complement the

hourly and monthly timescales controlled by temperature and melt production. Weekly
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(a)

(b)

(c)

(d)

Hourly: Melt Inputs

Weekly:
Precipitation
Inputs

Monthly: Melt Inputs

Seasonally to
Interannually:
Precipitation
Inputs

Figure 2.9: Relative melt contributions drive nearly all the variability in discharge
in Gavilan Machay, mostly through surface runoff of glacial meltwater. What drives
the variability in relative melt contributions to discharge? Our results show that this
depends on the timescale. (a) Hourly timescale variability is controlled by radiation-
driven (red arrows) melt production (light blue slab at upper left), which readily runs
off overland (thick blue arrow) and eventually reaches the watershed’s discharge point
(circle with cross). (b) Weekly timescale variability is controlled by weekly precipitation
events, which likely generate antecedent moisture conditions (light blue shading) that
promote greater meltwater runoff. (c) Monthly timescale variability is driven by monthly
trends in melt generation, which contributes to discharge mostly through surface runoff.
(d) Seasonal to interannual variability is driven by long-term precipitation, which can
enhance melt by transferring heat from rain (blue arrows right of glacier tongue), and
augment subsurface melt contributions through increased groundwater flow (thick blue
arrow below water table).
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precipitation events likely generate antecedent wet conditions that facilitate greater

amounts of meltwater runoff (Figure 2.9b), while longer-term precipitation patterns ap-

pear to drive slow changes in melt additions to groundwater (Figure 2.9d). Most (86%)

melt contributions to discharge occurred through surface runoff in the model, but some

meltwater recharged to groundwater, helping to support a relatively steady groundwater

discharge to the stream that is about 18% greater with glacier melt than without glacier

melt. As expected, strong El Niño conditions corresponded to some of the highest simu-

lated melt inputs, but less easy to predict was that Gavilan Machay exhibited its lowest

discharge during this time. Melt prevented streamflow from dropping below a baseline

level during the warm and dry El Niño event, but discharge was much higher during

wetter periods, in part because of the rainfall-enhanced melt contributions described

above.

In glacierized watersheds, slower glacier melt contributions through groundwater

are poorly constrained. Past studies have identified a component of meltwater in the

groundwater (Favier et al., 2008; Lowry et al., 2010; Baraer et al., 2015; Minaya, 2016;

Harrington et al., 2018), but to our knowledge, our work is the first to quantify this

component. Generally, fractured young volcanic bedrock systems can support exten-

sive groundwater (Tague et al., 2008; Markovich et al., 2016) and may contain similar

meltwater fractions as found here. However, meltwater-groundwater interactions may

be more ubiquitous. Prominent groundwater pathways have also been identified in frac-

tured crystalline bedrock (Tague & Grant, 2009; Andermann et al., 2012; Pohl et al.,

2015), morainic deposits (Favier et al., 2008; Minaya, 2016; Somers et al., 2016), and

alpine meadow soils (Loheide et al., 2009; Lowry et al., 2010; Gordon et al., 2015).

Even in settings with limited groundwater networks, talus slopes and rock glaciers can

serve as localized areas of meltwater recharge (Clow et al., 2003; Baraer et al., 2015;

Harrington et al., 2018). More arid settings than the sub-humid Gavilan Machay could

have a higher proportion of glacier melt in groundwater due to less precipitation in-

puts, but our results also indicate that precipitation may serve to enhance meltwater

contributions.

The multiscale temporal variability of relative melt contributions to discharge has

important implications for how to determine the hydrologic role of glaciers in water-

sheds, as well as for water resource management in fast-changing glacierized systems.
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Care must be taken in the implementation and interpretation of commonly employed

tracer analyses. Potentially large diurnal fluctuations make it imperative to collect

samples over consistent times of day, and weekly to interannual variability complicate

extrapolations from single synoptic sampling estimates. Recharge by glacier melt further

confounds the interpretation of groundwater as a source entirely distinct from surficial

meltwater. These uncertainties, along with additional errors caused by heterogeneous

groundwater chemistry and the choice of sample locations, limit the ability of tracer-

based analyses to constrain dynamic melt contributions to discharge. Model simulations

provide ideal temporal resolution, but they suffer from their own disadvantages, such

as intensive data input requirements and uncertainties in parameter calibration.

For water resources, weekly to multi-year melt contributions to discharge are of

greater interest than hourly fluctuations. At those timescales of concern, rain events

and wet periods can accentuate relative melt contributions to streamflow in humid

glacierized systems. This signifies a bonus in water yield, but it also intensifies dis-

charge variability over weekly and seasonal timescales, which can pose challenges if

water storage infrastructure is unavailable. On an interannual basis, melt can augment

discharge during warm and dry El Niño events, but glacierized watersheds will likely

experience greatest melt contributions during wetter times, when they are under the

combined effects of enhanced ablation (due to transfer of heat from rain to ice) and an-

tecedent moist conditions (due to precipitation). Looking at downstream implications,

the small (7.5 km2) Gavilan Machay headwater catchment contributes a range of only 9

to 26% of the discharge to the Boca Toma diversion point, which corresponds to surficial

meltwater making up a range of just 4 to 15% of the water to the irrigation system,

based on mixing model estimates. However, La Frenierre (2014) showed that farming

communities cannot afford to lose any of the water; already, the irrigation system con-

sistently fails to deliver its current allocations. Furthermore, if groundwater at Gavilan

Machay also contains meltwater, as our simulations suggest, the actual total amount

of meltwater contribution could be even higher than that estimated for surficial runoff

of meltwater by the mixing model. Additional downstream monitoring would enable

further extensions of the watershed model to investigate how meltwater contributions

and temporal discharge variabilities found in Gavilan Machay propagate downgradient
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to successively larger watersheds, as non-glacier sourced groundwater contributions in-

crease. Spatial patterns of groundwater contributions within Gavilan Machay reveal

sharp increases where geologic features likely create localized discharge points (Figure

A12). This indicates that extrapolations downstream will likely depend on geological

conditions that control groundwater, in addition to watershed size and climate inputs.

In the future, should Reschreiter Glacier disappear completely, overall discharge in

Gavilan Machay could decrease by up to about 50%, even if precipitation and temper-

ature remain the same and relatively constant groundwater flow continues. The exact

decrease will depend on how much of our melt estimate may include contributions by

snowmelt and melt from freshly accumulated ice that will persist as discharge sources.

Overall, our findings suggest that in response to glacier loss in a warming climate,

glacierized watersheds in the humid inner tropics may eventually experience steadier

discharge, but potentially at significantly decreased rates.
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Chapter 3

Spatiotemporal Drivers of

Hydrochemical Variability in a

Tropical Glacierized Watershed

in the Andes

3.1 Introduction

The current retreat of glaciers is one of the most prominent signs of climate change

(Stocker et al., 2013). By altering meltwater inputs to watersheds, this exerts a di-

rect control on solute release and transport and influences global geochemical cycling.

Tropical glaciers, 99% of which are located in the Andes, already experience year-round

ablation (Vuille et al., 2008; Thompson et al., 2011; Huss & Hock, 2018), and they

are now undergoing warming at a rate that is twice the global average (Bradley, 2006;

Pepin et al., 2015), making them among the most vulnerable systems. However, despite

the critical need for data on fast-changing high-elevation mountains (Bales et al., 2006;

Barnhart et al., 2016), observations are very limited because of difficulties in access

(Mulligan, 2013; Saberi et al., 2019). The resulting data gap urgently calls for extensive

and multiple-approach investigations in order to assess the long-term alteration of water

quantity and quality in these regions, possibly identifying early signs of thresholds and
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tipping points of climate change. While various studies have begun to examine the hy-

drological impact of glacier retreat in the Andes (Barnett et al., 2005; Ostheimer et al.,

2005a; Bradley, 2006; Mark & Mckenzie, 2007; Baraer et al., 2009; Saberi et al., 2019;

Somers et al., 2019), little attention has been paid to its implications on geochemical

cycling and solute export.

The majority of Andean mountains are located within the Andean volcanic belt

(Stern, 2004) and are mainly composed of reactive silicate minerals (Stallard & Edmond,

1983; Ugolini et al., 2002) that weather faster with greater topographic gradients (Torres

et al., 2015; Wymore et al., 2017b). Under humid tropical conditions, weathering rates

are further accelerated by high temperature and moisture (Ugolini et al., 2002; White

et al., 1998). This makes tropical Andean mountains important hotspot sources of

solutes, including sodium (Na+), calcium (Ca2+), and magnesium (Mg2+), that support

ecological productivity in the Amazon basin (Gibss, 1967; McClain & Naiman, 2008;

Moquet et al., 2018; Wymore et al., 2017b), even though they are located thousands

of kilometers away from the Amazon river estuary and constitute only about 13% of

the basin. Transport of these weathering products off of montane slopes with stream

discharge is facilitated by the steep topographic gradients in these watersheds (Dessert

et al., 2005; Hartmann et al., 2009; Lloret et al., 2013). Andean tributaries contribute

about 50% of the streamflow in the main stem of the Amazon River (Dunne et al.,

1998), supplying 82% of the total suspended solids exported by the Amazon River

(Gibss, 1967), and presumably also a significant amount of dissolved solids.

Although the tropical Andes are important for the Amazon basin ecosystem, which

in turn is a major contributor to global chemical cycling, the role of glacierized tropical

mountain watersheds are understudied and poorly characterized (Schlesinger & Bern-

hardt, 2013). Glaciers cover only 1% of the area of the Andes, but they increase rates

of physical erosion, which promotes more rapid silicate mineral weathering by exposing

fresh rocks that contain silicates (Torres et al., 2017). Further, meltwater can contribute

significantly to streamflow, which additionally facilitates solute export from glacierized

slopes (Torres et al., 2017). Quantifying the role of tropical glacierized watersheds to

regional solute export is critical because of the fast-changing conditions in these water-

sheds. This requires an understanding of the factors that control stream chemistry and

the effects of changing climate on weathering and solute export in tropical glacierized
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watersheds.

Most of our understanding about hydrochemical controls in glacierized mountainous

watersheds has come from temperate climates. These controls include meteorological

drivers and meltwater contribution to the stream (Brown, 2002; Anderson, 2005; Hind-

shaw et al., 2011; Lewis et al., 2012; Stachnik et al., 2016; Milner et al., 2017; Kumar

et al., 2019; Engel et al., 2019), bedrock and surficial geology (Tranter et al., 1996;

Katsuyama et al., 2010; Engel et al., 2019), mixing of water from different flow path-

ways (Farvolden, 1963; McGuire et al., 2005; Tetzlaff et al., 2009; Maher, 2011; Benettin

et al., 2015), and land-cover over different spatial and temporal scales (Williams et al.,

2015). Various studies in temperate glacierized watersheds found that solute concentra-

tions are lower during high melt seasons due to the discharge of dilute meltwater into

streams (Collins, 1999; Brown, 2002; Hindshaw et al., 2011; Kumar et al., 2019; Engel

et al., 2019). However, others found that in-stream silica (SiO2) (Anderson, 2005) and

other major ion concentrations (Lewis et al., 2012; Stachnik et al., 2016) increase during

high melt seasons, mainly due to the increase in the hydrological connectivity of the

catchment, which accelerates mineral dissolution. In general, the potential for solute

concentrations in streams to stay the same (chemostatic) or vary (non-chemostatic)

with changes in stream discharge has been found to depend on water transit times

through the subsurface (Heidbüchel et al., 2013; Benettin et al., 2015), lithology (Bluth

& Kump, 1994; Katsuyama et al., 2010; Ibarra et al., 2016), vertical heterogeneity of

weathering fronts (Winnick et al., 2017; Kim et al., 2017), and availability of reactive

mineral surface area (Maher & Chamberlain, 2014; West, 2012).

Recently, some hydrochemical studies have focused on tropical montane watersheds,

nearly all non-glacierized, and have found factors driving solute concentrations and ex-

port to include catchment slope as a proxy for erosion and fluid flow (Torres et al., 2015;

Wymore et al., 2017b), geological and climatic heterogeneity within the watershed (Tor-

res et al., 2017; Baronas et al., 2017), and landscape characteristics such as vegetation

type (Wymore et al., 2017b; Molina et al., 2019). One study that did consider a glacier-

ized tropical watershed found enhanced weathering due to exposure of fresh bedrock by

glacier retreat (Fortner et al., 2011). The lack of other tropical glacier hydrochemical

studies represents a major knowledge gap about highly vulnerable systems that may

have important controls on critical downstream ecosystems.
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It is important noting that most of the findings in tropical mountain watersheds

resulted from comparing several watersheds rather than directly examining processes

within a watershed (Torres et al., 2015, 2017; Baronas et al., 2017; Wymore et al.,

2017b). In fact, regardless of climate and glacier cover, many hydrochemical studies rely

on stream outlet concentration (C) and discharge (Q) relationship analysis to indirectly

infer processes within the watershed that control stream chemistry and export (e.g.,

Godsey et al. (2009); Maher (2011); Kirchner & Neal (2013); Benettin et al. (2015);

Wymore et al. (2017b)). Watershed processes control whether C of non-reactive and

weathering-derived solutes change with Q (Shanley et al., 2011; Stallard et al., 2014) or

if they remain relatively time-invariant (chemostatic) (Johnson et al., 1969; Hem, 1985;

Godsey et al., 2009; Li et al., 2017b). C and Q at the outlet thus serve as important

integrated metrics for constraining dynamic conditions within the watershed, but C-

Q analysis alone cannot directly represent the different processes. Due to the lack of

explicit, fine-scale process resolution in C-Q analysis, uncertainties persist in describing

spatiotemporal hydrologic and geochemical processes that control C-Q behavior (Li

et al., 2017b; Wymore et al., 2017a; Zhi et al., 2019).

The uncertainties about detailed watershed controls pose a particularly major obsta-

cle to predicting nutrient and solute export from tropical glacierized mountains under

rapid warming. Because tropical glaciers undergo year-round ablation, spatially variable

conditions and multiple resolution dynamics within the watershed can be expected to

play an important role in modulating hydrochemistry in the absence of a dominant sea-

sonal signal. The influence of some spatiotemporally variable factors will be especially

critical to understand, because they are themselves susceptible to rising temperatures.

Most obviously, glacier cover will shrink, altering melt contributions to discharge and

possibly weathering rates, both of which impact solute concentrations at the stream

outlet (Lewis et al., 2012; Stachnik et al., 2016). Additionally, recent studies have

documented upslope migration of montane vegetation with warming, with one trop-

ical glacierized watershed exhibiting greater shifts per temperature increase than the

global average (Morueta-Holme et al., 2015). Observed relationships between vegetation

cover and C-Q behavior (e.g., Williams et al. (2015); Wymore et al. (2017b); Molina

et al. (2019)) suggest that changing vegetation distributions within tropical glacierized

watersheds could influence hydrochemical conditions. Finally, a number of studies in
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tropical glacierized watersheds have found groundwater to contribute a notable fraction

of streamflow (Favier et al., 2008; Baraer et al., 2015; Minaya, 2016; Saberi et al., 2019).

Given the role of subsurface flow paths and residence times in determining C-Q behavior

(Farvolden, 1963; McGuire et al., 2005; Tetzlaff et al., 2009; Maher, 2011; Benettin et al.,

2015), constraining interactions among groundwater flow, meltwater inputs, vegetation

cover, and mineral reactions will be essential for quantifying solute export in tropical

glacierized watersheds.

A recently developed, spatially distributed and physically based model that inte-

grates watershed hydrology and reactive transport, BioRT-Flux-PIHM (Bao et al., 2017;

Zhi et al., 2020), is now making it possible to directly evaluate spatiotemporal controls

on watershed hydrochemistry (Li et al., 2017b; Zhi et al., 2019). Importantly, this en-

ables detailed hydrochemical analysis without exhaustive measurements that would be

difficult to obtain in remote locations such as tropical glaciers. Reactive transport mod-

els, including Crunchflow (Steefel & Maher, 2009), HyTech (Van Der Lee et al., 2003),

and PHT3D (Prommer et al., 2003), integrate flow, solute transport, and biogeochemical

reactions to help us probe biogeochemical processes across scales (Steefel et al., 2015).

Even though solute and water quality models have been developed as add-on modules

to hydrological models (see reviews by Steefel et al. (2015)), a physics-based model that

couples hydrological, land-surface, and geochemical processes has been lacking before

the development of BioRT-Flux-PIHM (Li et al., 2017a). Recent applications of the

BioRT-Flux-PIHM model at two intensively studied watersheds in the temperate U.S.

revealed strong seasonal controls through both hydrologic (surface and subsurface) and

geochemical processes across the watershed (Li et al., 2017b; Zhi et al., 2019; Wen et al.,

2020). These early applications are paving the way for new questions, such as how other

types of climatic patterns (e.g., warmer and wetter tropical conditions with additional

snow and ice melt contributions), lithologies (e.g., silicate-dominated volcanic soils un-

derlain by fractured bedrock), and vegetation coverage (e.g., vegetation line threshold

in high mountain watersheds) might shape C-Q dynamics of solutes that affect critical

downstream ecosystems.

In this study, we leverage BioRT-Flux-PIHM to answer the overarching question of

what spatiotemporal processes, including hydrological and geochemical, control the dy-

namic export of solutes (specifically Na+, Ca2+, and Mg2+) from a tropical glacierized
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watershed. In particular, we investigate the interactions and relative roles of the follow-

ing factors within a study watershed on Volcán Chimborazo in the Ecuadorian Andes:

(1) subsurface processes, including silicate weathering and groundwater flow; (2) het-

erogeneous vegetation coverage on the montane slopes; and (3) year-round glacier melt

inputs to the upper watershed. Insights on these processes will provide the baseline un-

derstanding needed to make future predictions of solute export under rapidly changing

climate conditions, which may have important downstream ecological implications as

glaciers retreat.

3.2 Study Site Description

Volcán Chimborazo is a glacierized stratovolcano in Ecuador that supplies water to over

200,000 people (INEC, 2010). Chimborazo experiences an inner tropical climate, char-

acterized by minimal annual temperature variation (∼2 ◦C variability), and moderately

seasonal precipitation with generally two wetter seasons (February-May and October-

November) and two drier seasons – though precipitation falls year-round (Clapperton,

1990). Because of the Amazon Basin to the east (Vuille & Keimig, 2004; Smith et al.,

2008b), more humid conditions occur on the northeast flank with more precipitation

(∼2000 mm/yr) than the southwest (∼500 mm/yr) (Clapperton, 1990). Within the

June 2015 to June 2016 time frame of this study, two wetter periods (June - October and

February - May) and a dry period (November - January) were observed on Chimborazo

due to the influence of an El Niño event. El Niño and La Niña events cause variability

in temperature and precipitation, with El Niño generally bringing drier and warmer

conditions and La Niña wetter and cooler conditions throughout the Andes (Vuille &

Bradley, 2000; Wagnon et al., 2001; Francou, 2004; Smith et al., 2008b). During June

2015-June 2016, a strong El Niño event brought higher temperature, less cloud cover,

and below-normal precipitation during November through January. El Niño events have

been found to potentially enhance glacier ablation (Wagnon et al., 2001; Francou, 2004;

Favier, 2004; Vuille et al., 2008; Veettil et al., 2014a).

Weather stations near the base of Chimborazo, around 2600-3300 masl, show a

temperature increase of 0.11 ◦C /decade over 1986-2011 (Vuille et al., 2008; La Frenierre

& Mark, 2017), despite a strong Niña event during 2007-2009, which generally brings
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cooler temperatures. Warming rates may be greater at higher glacierized elevations on

Chimborazo, considering altitude-dependent warming trends observed in the tropical

Andes (Bradley, 2006). This warming has been partially responsible for a 21% reduction

in ice surface area and 180 m increase in the mean minimum elevation of clean ice from

1986 to 2013 (La Frenierre & Mark, 2017). Though instrumental data are ambiguous,

community members indicate that the local precipitation has also decreased in recent

decades (La Frenierre & Mark, 2017). This study focuses on the 7.5 km2 Gavilan Machay

sub-catchment on the sub-humid northeast flank of Chimborazo. Gavilan Machay has an

altitude range of 3800 to 6400 m a.s.l. and is 34% glacierized by the Reschreiter Glacier.

Water from Gavilan Machay eventually reaches the Amazon below the confluence of

Ŕıo Maranon, the principal upper tributary of the Amazon River, via the Ŕıo Mocha,

Ŕıo Ambato, Ŕıo Chambo, and Ŕıo Pastaza. Gavilan Machay is of particular concern

because it discharges into the Ŕıo Mocha channel immediately upstream of the Boca

Toma diversion point (3895 m a.s.l. elevation) for the largest irrigation system on Volcán

Chimborazo. Saberi et al. (2019) found that currently, stream discharge from Gavilan

Machay may contain up to 50% glacier meltwater, which has significant implications for

the downstream irrigation system as the glaciers continue to retreat.

Páramo – the biologically rich grassland ecosystem of the tropical Andes – occupies

the watershed below about 4600 m a.s.l. (Figure 3.1a). Páramos have high plant

diversity (>5000 species), mainly consisting of tussock grasses, cushion plants, dwarf

shrubs, ground rosettes, and giant rosettes. Wet páramos, what is found in Gavilan

Machay, are mainly composed of Andosol soils of volcanic origin and have high porosity

and water retention capacity (Podwojewski et al., 2002; Buytaert et al., 2006; Buytaert

& Beven, 2011; Minaya, 2016). The primary geology of Chimborazo consists of layered

lava and pyroclastic flows, overlaid by thick ash deposits and vitric Andosol (Figure 3.1b)

(Barba et al., 2008; Samaniego et al., 2012). The geomorphology of the watershed has

been influenced largely by glacial deposits and moraines from the Last Glacial Maximum

(LGM: 33-14 ka), the Late Glacial (LG: 13-15 ka), and the Neo-Glacial Period (NG:

<5 ka). The presence of young volcanic fractured bedrock along with páramo soils and

glacial deposits (Barba et al., 2005; Samaniego et al., 2012) facilitates water movement

through the subsurface, which enhances both groundwater contribution to streamflow

and weathering processes that release ions into the water (Stallard & Edmond, 1983).
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Previous hydrochemical observations in the Gavilan Machay watershed by Saberi et al.

(2019) found Na+, Ca2+, and Mg2+ to be the major ions present in the groundwater

and stream water. That previous study used hydrochemical data in a mixing model to

help partition hydrological inputs to streamflow in Gavilan Machay, but little is known

about the processes controlling different solute concentrations throughout the watershed

and the export of solutes at the outlet.
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Figure 3.1: (a) Land cover and locations of monitoring stations and water sampling
within the Gavilan Machay watershed. (b) Geologic map of Volcán Chimborazo and
locations of soil and rock sampling within the Gavilan Machay watershed. The bound-
ary of the Gavilan Machay watershed is outlined in red. Maps were adapted from
McLaughlin (2017).
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3.3 Geochemical Observations

3.3.1 Sites and Sampling Method

Three locations were selected for soil sampling along an elevation gradient (4510, 4240,

and 3990 m a.s.l.) (Figure 3.1b). The highest elevation sample (S-1) was collected

from moraine sediments, and the other two (S-2 and S-3) were taken near the stream

channel (Figure 3.1b). A 3-inch diameter auger was used for soil profile sampling. At

all sampling sites, shallow refusal was hit on buried cobbles, and a single sample was

collected from about 4 cm (below the thickest roots) to the depth of shallow refusal

on buried cobbles (S-1: 15 cm, S-2: 25 cm, and S-3: 12 cm). Two rock samples

were collected at exposed outcrops, at 4950 m a.s.l. and 4000 m a.s.l. (R-1 and R-

2, respectively, in Figure 3.1b). The high elevation rock sample (R-1) was collected

from Guano lava flows, and the low elevation rock sample was collected from Holocene

pyroclastic flow deposits (based on the geologic map by Barba et al. (2008)).

As described in Saberi et al. (2019), we carried out two water sampling campaigns

during June 2015 and June 2016. These campaigns took place before and after a warm

and dry El Niño event from November 2015 through January 2016. During each cam-

paign, we collected 16 water samples from glacier meltwater, precipitation, four locations

along the stream (SW-1 to SW-4), and two springs as a proxy for groundwater (GW-1

and GW-2) (Figure 3.1a). Here, we define groundwater as an unconstrained mix of wa-

ter from shallow saturated soil and two inferred aquifer units: a morainic debris aquifer

and a deeper fractured bedrock aquifer. In each field campaign, we collected one sam-

ple per location, as challenging field conditions prevented the collection of replicates.

For each sampling site, 30 mL of water were collected, filtered in the field using 0.45

µm filters, and stored in Nalgene bottles that were capped and sealed with electrical

tape, and stored near 4 ◦C. Cations (Na+, K+, Mg2+, Ca2+) were measured using an

Agilent 7700X Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) and anions

(F−, Cl−, SO2-
4 ) were measured using a Dionex ICS1000 Ion Chromatographer (IC) at

Gustavus Adolphus College. Stream discharge was measured in the watershed using a

discharge gauging station equipped with a Solinst Levelogger Junior pressure transducer

from June 2015 to May 2016. Saberi et al. (2019) utilized water chemistry observations
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to investigate hydrological inputs to streamflow but did not investigate geochemical

processes controlling water chemistry.

3.3.2 XRD Analysis and Results

Soil samples were air-dried and stored in resealable bags. Bulk soil and rock composition

was determined using X-ray diffraction (XRD) analysis. For sample preparation, aggre-

gate soil and rock samples were each hand-ground to a fine powder. Organic matter was

removed from the samples by the addition of a 3% hydrogen peroxide (H2O2) solution

following Poppe et al. (2001). Samples were mounted on a glass slide using a smear

technique to achieve random orientation. A Rigaku MiniFlex300 X-ray diffractometer

was used to scan the samples from 5◦ to 65◦ 2θ at 30 kV voltage and 10 mA current

with Cr-Kα radiation. XRD patterns were analysed using the Jade software version 7.5.

Results from the XRD analysis indicate that the Gavilan Machay watershed is pre-

dominantly composed of aluminosilicate minerals including feldspars, pyroxenes, and

amphiboles, which is consistent with most Andosols worldwide (Shoji et al., 1994).

Further, XRD analysis of soil samples from different depths suggest that vertically,

mineral composition is relatively homogeneous (Appendix B, Section B2, Table B1).

Although the humid conditions in Gavilan Machay would generally be expected to pro-

mote high rates of weathering that could lead to clay formation, XRD results show no

crystalline-clay minerals, and PHREEQC (Parkhurst et al., 1999) equilibrium calcula-

tions using observed aluminum and silica concentrations indicate that the groundwater

is under-saturated with respect to various crystalline-clay minerals (kaolinite, gibbsite,

and halloysite) (Appendix B, Section B3, Table B2). The apparent absence of crystalline

clay minerals suggests that they have not yet formed within the young, high-elevation

volcanic soils of Volcán Chimborazo, and fine sediments detected in soil samples may

instead consist of organo-mineral clays, similar to that previously found on Chimborazo

by Bartoli et al. (2007). More details on XRD and grain size analysis can be found in

Appendix B (Section B2).

The XRD analysis indicates that the bulk soil mineralogy is primarily dominated by

that of the parent bedrock (Table 3.1), with soil sample S-1 resembling the nearby rock

sample R-1 based on the presence of andesine, and soil samples S-2 and S-3 resembling

the nearby rock sample R-2 based on the presence of albite (see locations in Figure
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3.1b). Throughout the watershed, all samples comprised similar classes of minerals

(feldspars and pyroxenes), suggesting that the surficial sediments and deeper bedrock

aquifers throughout the watershed may share similar geochemical signatures.

Mineral Chemical Formula R-1 S-1 R-2 S-2 S-3

Feldspar

Albite Na(AlSi3O8) X X X
Anorthite Ca(Al2Si2O8) X X X X
Andesine Na0.685Ca0.347Al1.46Si2.54O8 X X

Labradorite Na0.45Ca0.55Al1.5Si2.5O8 X
Sanidine K(Si3Al)O8 X X

Anorthoclase (Na0.75K0.25)(AlSi3O8) X X X X

Pyroxene
Enstatite ferroan Mg1.1Fe0.87Ca0.03Si2O6 X X X

Diopside Ca(Mg,Al)(Si,Al)2O6 X X X

Amphibole
Arfvedsonite Na3(Fe,Mg)4FeSi8O22(F,OH)2 X

Actinolite (Fe,Mg,Ca,Na,Mn)7(Si,Al)8O22(OH)1.9 X

Table 3.1: XRD Mineral Analysis. S-1, S-2, and S-3 are soil samples. R-1 and R-2 are
rock samples from outcrops in the watershed. Sample locations are shown in Figure
3.1b.

3.4 Model Description

3.4.1 BioRT-Flux-PIHM

Spatially distributed watershed models can integrate surface hydrology and groundwa-

ter flow through time and space to allow for the evaluation of their joint control on

streamflow. Flux-PIHM (Shi et al., 2013) integrates land-surface and hydrologic sim-

ulations through a combination of two modules, the Noah land surface model (Noah-

LSM) (Ek et al., 2003) and the PIHM hydrological model (Qu & Duffy, 2007). The

multicomponent reactive transport module BioRT (previously called in ”RT” in earlier

publications) is an add-on to Flux-PIHM (Bao et al., 2017). Flux-PIHM employs a

semi-discrete finite volume approach on an unstructured grid that performs efficiently

on steep topographies. Channel and overland flow in the model are represented by

diffusion wave approximations to St. Venant equations, vertical unsaturated zone flow

is estimated using a 1D form of Richards equation, and horizontal and vertical shallow

groundwater flow follows Darcy’s law. For each grid cell, the model tracks water storage
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in one vertically integrated unsaturated zone layer and one vertically integrated satu-

rated zone layer, providing a ”2.5D” distributed model. Full details about Flux-PIHM

can be found in Qu & Duffy (2007) and Shi et al. (2013).

The BioRT module takes calculated water fluxes and storage from Flux-PIHM (i.e.

surface runoff, channel routing, infiltration, recharge, and subsurface lateral flow) and

simulates hydrochemical processes including solute transport (advection, dispersion, and

diffusion) and biogeochemical reactions and outputs aqueous and solid phase geochemi-

cal concentrations. In addition to surface and subsurface water flow, evapotranspiration

(ET) is simulated in the model as another key hydrologic flux that has a non-geochemical

influence on solute concentrations. BioRT can simulate both equilibrium-controlled re-

actions, including aqueous complexation, ion exchange, and surface complexation, as

well as kinetically controlled reactions, including mineral dissolution, precipitation, and

redox reactions (Bao et al., 2017). Though not used in this study, the most recent

addition to the BioRT module has been biologically mediated reactions, including plant

uptake of nutrients, and microbially mediated reactions such as soil respiration and

denitrification (Zhi et al., 2020). Reactive transport is modeled in both the unsaturated

and saturated zones. It is assumed that the surface runoff water has a short interaction

time with minerals and is not considered to undergo geochemical reactions in the BioRT

module.

The rate of kinetically controlled mineral dissolution and precipitation is calculated

using a transition state theory (TST)-style rate law (Helgeson et al., 1984; Lasaga,

1984):

Rm = Aw,mkm(1− IAP

Keq
) (3.1)

where Rm is the dissolution rate of the mineral m (mol/s) (or precipitation rate when

negative), Aw,m is the wetted surface area of mineral m (m2), km is the intrinsic rate

constant (mol/(m2/s)), IAP is the ion activity product, and Keq is the thermodynamic

equilibrium constant. BioRT-Flux-PIHM simulates the influence of temperature on

kinetic reactions through the following equation for km:

ln(km) = ln(kmref )− Ea
R

(
1

T
− 1

Tref

)
(3.2)

where kmref is the rate constant (mol/(m2/s)) for mineral m at the reference temper-

ature Tref (298.15K in BioRT-Flux-PIHM), Ea is the activation energy (J/mol), R is
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the gas constant (J/mol/K), and T is the soil temperature (K). The wetted surface area

depends on groundwater storage through the following equation (Clow & Mast, 2010):

Aw,m = AmS
n
w (3.3)

where Am is the total surface area of the mineral m under fully saturated conditions

(m2), Sw is the water saturation (m3 water per m3 pore space), and n equals 2/3 to

represent the surface area to volume ratio of mineral grains (Mayer et al., 2002). Total

surface area of each mineral is estimated using the following equation:

Am = SSA× (Fm × Vi)×D (3.4)

where SSA is the specific surface area of the mineral (m2/g), Fm is the volume fraction

of the mineral m (m3/m3), Vi is the total volume of grid cell i (m3), and D is the solid

density (g/m3). The BioRT module and Flux-PIHM are coupled through the depen-

dence of the wetted surface area (Aw,m) on soil moisture and groundwater availability.

We assume that groundwater boundaries align with the surface watershed boundary,

such that water and solutes do not enter the watershed via regional groundwater, which

is typical for headwater watersheds (Dingman, 2015). Another simplification is that

this version of the model represents lateral “groundwater” flow as the combination of

shallow soil water interflow and deeper groundwater flow. Further, all groundwater is

eventually routed laterally into the stream and exits the watershed as surface discharge.

The governing equation for reactive transport of an arbitrary solute m is as follows:

Vi
d(Sw,iθiCm,i)

dt
=

Ni,x∑
j=Ni,1

(
AijDij

Cm,j − Cm,i
Iij

− qijCm,j
)

+ Sm,i m = 1, ..., np

(3.5)

where Vi is the total volume of grid cell i, Sw,i is the water saturation (m3 water per m3

pore space), θi is the porosity (m3 pore space per m3 total volume), Cm,i is the aqueous

concentration of species m (mol/m3 water); Ni,x is the index of the neighboring elements

of grid cell i, with the subscript x is set to two for unsaturated zone fluxes (infiltration

and recharge) and four for saturated zone fluxes (recharge and lateral flow to the three
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neighboring cells), respectively; Aij is the interface area between the grid cell i and its

neighbor cell j (m2); Dij is the dispersion plus diffusion coefficient (m2/s); Iij is the

distance between the center of the neighboring grid cells; qij is the volumetric flow rate

across Aij (m3/s); Sm,i is the additional source or sink, and np is the total number of

independent solutes.

Full details about BioRT-Flux-PIHM can be found in Qu & Duffy (2007); Shi et al.

(2013); Bao et al. (2017), and Zhi et al. (2020).

3.4.2 Model Setup

3.4.2.1 Hydrological and Transport Processes

The BioRT-Flux-PIHM version 0.10.0 alpha was applied from June 2015 - June 2016.

BioRT-Flux-PIHM takes inputs including land cover, hydraulic properties, and climate

forcing, in addition to major ion concentrations in precipitation for all times, and in

groundwater at initial time. Precipitation, temperature, and relative humidity were

measured in the watershed from June 2015 - June 2016 (Figure 3.1a), while other mete-

orological variables including wind speed, shortwave radiation, longwave radiation, and

air pressure were obtained from the Global Land Data Assimilation Systems (GLDAS)

database (Rodell et al., 2004). Built-in land cover parameters from Noah-LSM were used

for each land-cover type. Leaf area index for the vegetated parts of the watershed were

from MODIS (Vermote, 2015). Land-cover was set as grassland at the lowest elevations

to represent páramo, barren ground for the mid-altitude, and perennial ice/snow for

the ice-covered areas based on the vegetation and land cover mapping by McLaughlin

(2017) (Figure 3.1a). We used the PIHMgis software (Bhatt et al., 2014) to discretize

the domain into 188 triangular cells using a 30 m resolution Shuttle Radar Topography

Mission (SRTM) Digital Elevation Model (DEM) (Farr et al., 2007). To include ice melt

in the simulation, a separate temperature-index module was added to the model. Glacial

melt was estimated under the assumption that ablation occurs over the glacierized grid

cells below the equilibrium line altitude (ELA) at 5050 m a.s.l. (determined using data

from La Frenierre (2014)). Further details on the glacier melt rate simulations can be

found in Saberi et al. (2019).
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3.4.2.2 Geochemical Processes

The RT module was implemented with equilibrium aqueous complexation reactions for

major elements (Na+, Ca2+, Mg2+, and SiO2) and pH, and with kinetic reactions for

the minerals described below. Chloride (Cl−) was included as a non-reactive tracer.

Aqueous chemistry measurements were used to constrain mineral dissolution kinetic

and soil hydraulic parameters. Time-averaged chemical concentrations at the GW-1 and

GW-2 spring sampling points (Figure 3.1a) were used to establish two different initial

groundwater geochemical conditions for the spin-up run, one for the vegetated portion

of the watershed and the other for the barren and ice-covered portions of the watershed

(Table 3.2). The model was run in a spin-up mode until aqueous species reached a

steady state such that their concentrations did not change with time. Due to the

approximate nature of the spin-up, averaged steady-state concentrations in groundwater

in the vegetated cells and in the barren and ice-covered cells were used as spatially

uniform initial conditions for these respective portions of the watershed in the final

simulation. As shown in Table 3.2, the measured and initial concentrations were higher

in vegetated areas (with páramo, at lower elevations) (Figure 3.1a). Although glacier

melt samples had slightly higher concentrations than precipitation samples, they were

of similar orders of magnitude that were much lower than that of the groundwater and

streamwater samples. This supported the use of the same geochemical composition

(that measured for precipitation) for both precipitation and glacial melt in the model in

order to simplify the implementation with only one forcing condition for the two types

of inputs. Precipitation and glacier melt concentrations were assumed to be constant

over space and time.

3.4.2.2.1 Non-reactive Transport of Chloride

With the absence of chloride-containing minerals in the XRD results, we used Cl− as

a non-reactive tracer, which we assume enters the watershed through wet atmospheric

deposition and glacial melt inputs. The higher Cl− concentrations in the groundwater

relative to precipitation (Table 3.2) likely occurs due to the concentrating effect of ET.

Because this process occurs in the absence of geochemical reactions, we used Cl− as a

tracer to evaluate the hydrological processes controlling the spatio-temporal variability
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Precipitation Glacial Melt
Páramo

(Observed)
Páramo

(Initial Condition)

Barren
and Ice-covered

(observed)

Barren
and Ice-covered

(initial condition)
Elemental Species (µmol/l except for pH)

pH 6.3 5.76 5.64 5.5 5.51 5.5

Na+ 27.8 47.1 241 154 194 120

Ca2+ 22.7 33.6 211 185 190 131

Mg2+ 14.3 74.5 259 245 180 135

Cl− 37.7 41.2 90.4 62 58.1 51

SiO2 0 0 254 230 293 280

Table 3.2: Observed and initial chemical composition of groundwater, precipitation,
and glacial melt in different portions of the Gavilan Machay watershed. The same
chemical composition was applied to both barren and ice-covered areas. Precipitation
concentrations were used for both glacial meltwater and precipitation at all times in the
simulations.

of hydrochemistry in the watershed.

3.4.2.2.2 Reactive Transport of Sodium, Calcium, and Magnesium

In addition to atmospheric deposition and melt inputs, reactive ions, including Na+,

Ca2+, and Mg2+, are also released into water through weathering, including min-

eral dissolution from soil and rock containing feldspar and pyroxenes minerals. Al-

bite (NaAlSi3O8) and diopside (CaMgSi2O6) were respectively chosen as representative

model minerals from these groups because they were prevalent across multiple soil and

rock samples, and the choice of two minerals enabled us to most simply produce ob-

served concentrations throughout the watershed (Table 3.1). Despite anorthite being

more common than diopside among the different soil samples, diopside was included

in the model instead of anorthite, because diopside contains Mg2+ and Ca2+ and can

thus be used alone to efficiently simulate both those major cations in the stream and

groundwater (anorthite contains Ca2+ but not Mg2+). XRD analysis of soil samples over

depth supports the implementation of a vertically homogeneous mineral composition.

Other minerals containing elements with very low observed ion concentrations (e.g., Fe+

and Mn+) were not considered in order to focus on major elements and reduce com-

putational complexity. We represented kinetic dissolution of albite and diopside using

parameters from literature with further calibration via Monte Carlo simulations (100

cases) to reproduce observed streamwater and groundwater solute concentrations and
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stream discharge (Table 3.3) (calibration details provided below). Mineral fractions of

albite and diopside were set sufficiently high such that their availability for dissolution

was not a limiting factor in simulations, based on the ubiquitous observation of silicate

minerals throughout all samples.

Mineral Dissolution log10K
a
eq log10k

b
ref

SSA(ms/g)c

NaAlSi3O8(s) (Albite) + 4H2O + 4H+ → Na+ + Al3+ + 3H4SiO4 2.74 -10.9
(-9.89 to -11.9)

0.075
(0.02 – 1.09)

CaMgSi2O6(s) (Diopside) + 2H2O + 4H+ → Ca2+ + Mg2+ + 2H4SiO4 20.96 -13.2
(-9.95 to -14.24)

0.086
(0.001 – 2.3)

a Keq from the database EQ3/6 (Wolery, 1992)
b Intrinsic dissolution rate parameter at reference temperature (298.15 K) (kmref ) set
to values that fall within the range presented in Brantley et al. (2008) (shown in
parentheses).
c Calibrated soil mineral specific surface area (SSA) values; these fall within the range
of values presented in Brantley et al. (2008) (shown in parentheses).

Table 3.3: Dissolution reactions and kinetic and thermodynamic parameters for minerals
included in the model. Values in parentheses are the ranges found in Brantley et al.
(2008).

3.4.3 Model Scenarios

Following calibration, the model was implemented for two different scenarios. Scenario

1 represents current conditions with accelerated glacier melt. Scenario 2 is identical

to scenario 1 except that the model simulation does not include glacial meltwater.

Comparison of the hypothetical scenario 2 with scenario 1 allowed us to evaluate the

role of glacier melt in controlling geochemical conditions in scenario 1. We chose Na+

as the representative diagnostic solute among the three dominant reactive ions observed

in the watershed (Na+, Ca2+, and Mg2+); simulation results of the other dominant

reactive ions were qualitatively similar to Na+ results.
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3.4.4 Model Calibration

In order to reproduce the observed soil water pH, we simulated a continuous release of

aqueous CO2 at 10−2.35 M concentration in the vegetated parts of the watershed (Figure

3.1a) to represent the acidity introduced by both CO2 gas and other organic acids

produced through microbial and plant respiration. This aqueous CO2 concentration is

an order of magnitude higher than equilibrium concentrations of 10−3.5 – 10−3.2 M for

the typical bare soil CO2 partial pressure range of 1.02 – 2×10−2 atm (Hasenmueller

et al., 2015). No additional CO2 was implemented in the barren and ice-covered grid

cells, which we assume to have low organic content soils. After adjusting the release

rate of aqueous CO2 in the vegetated areas according to pH observations, we calibrated

mineral SSA and hydraulic properties as follows.

Seven key parameters including horizontal and vertical hydraulic conductivity, poros-

ity, van Genuchten water retention curve parameters (α and β), and albite and diopside

specific surface areas were calibrated by choosing the parameter set that produced the

best fit to observations (available stream discharge data from June 2015 to March 2016,

and stream and groundwater chemistry in June 2015 and in June 2016) among 100

Monte Carlo simulations. Note that the intrinsic kinetic dissolution parameter kref

was not further calibrated in order to reduce the calibration complexity; we consider

this to be an acceptable simplification because kref is multiplied by the calibrated

parameter SSA when calculating dissolution rates (Eq. 3.1). Although Flux-PIHM

(without the BioRT module) has been previously implemented to investigate water

balance partitioning in the watershed (Saberi et al., 2019), hydraulic parameters were

recalibrated here with hydrochemical observations to further constrain flow pathways

(Schilling et al., 2019) and to ensure proper representation of solute transport (further

discussion is in Appendix B, Section B4). In this work, the pre-calibration parameter

distributions for the 100 Monte Carlo runs were generated using Latin hypercube sam-

pling from ranges based on soil studies in the Ecuadorian Andes (Podwojewski et al.,

2002; Minaya, 2016), other volcanic soil studies (Shoji et al., 1994; Célleri & Feyen,

2009; Montzka et al., 2017), and mineral parameter values presented in Brantley et al.

(2008). For each Monte Carlo run, the mismatch over time (t=1 to T) between the sim-

ulation (Model) and corresponding observation (Obs) was quantified by the normalized
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root-mean-square deviation (NRMSD):

NRMSD =
1

s

√√√√ T∑
t=1

(Modelt −Obst)2

T
(3.6)

with s, a measure of observation uncertainty, as the normalization factor. NRMSD was

calculated for each measurement type: hourly streamflow from June 2015 to May 2016

and Na+, Ca2+, Mg2+, and Cl− concentrations at four stream locations and two springs

over the June 2015 and June 2016 field campaigns (separate values were determined for

the distinct sampling campaigns). The average NRMSD (NRMSDave) over the 49

different measurement types was used in the assessment of each Monte Carlo run. The

Monte Carlo run with the lowest NRMSDave was chosen for the final calibrated model

result, and the subset of Monte Carlo runs with NRMSDave ≤ 1 was used to represent

the calibration uncertainty. Further details about the calibration procedure are in the

Appendix B (Section B5, Table B4).

We relied on the widely used Nash-Sutcliffe efficiency (NSE) approach (Nash &

Sutcliffe, 1970) to quantify model performance. Model results are considered satisfactory

if 0<NSE<1, with NSE=1 as an indicator of a perfect match between observations and

simulations (Moriasi et al., 2007). The traditional NSE is used here, which is calculated

as follows (Nash & Sutcliffe, 1970):

NSE = 1−
∑n

i=1 (Modeli −Obsi)2∑n
i=1(Obsi −Obsm)2

(3.7)

where Obsm is the mean of observations over time and n is the number of measure-

ments. NSE was only applied to discharge, because of the sparser availability of solute

concentration measurements.

3.4.5 C-Q Power Law Model

In C-Q analysis, the relationship between solute concentrations and stream discharge is

often fit to a power law relationship (Godsey et al., 2009):

C = aQb (3.8)
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where a and b are fitted parameters. The exponent b has been found to vary from

-1 to +0.4 (Godsey et al., 2009; Herndon et al., 2015). The C-Q relationships are

often considered chemostatic when b ranges between -0.2 and +0.2, while pure dilution

(non-chemostatic end-member) occurs when b is equal to -1.

To investigate the overall influence of glacial melt on the hydrochemistry of the wa-

tershed, we compare C-Q power law models fit to simulation results with meltwater

and without meltwater. Although C-Q analysis is typically applied to continuous mea-

surements, here we rely on model simulations to overcome data sparsity and to explore

different scenarios.

3.5 Results

3.5.1 Calibration Results

Calibrated values for geochemical reaction parameters and hydraulic parameters are

shown in Tables 3.3 and B4, respectively. The Monte Carlo-based calibration results

indicate that there is a unique set of parameters that produces the best fit to obser-

vations (Figure B2), and the calibration uncertainty around the best parameter set is

greatly reduced from the full literature-based range (Table B4). Correspondingly, the

calibrated simulation has a relatively well-constrained uncertainty around major ion

concentration and stream discharge values, compared to the full set of Monte Carlo

runs with literature-based parameter ranges (Figures 3.2, 3.3, 3.4, and B3). This re-

duction in uncertainty suggests that the discharge measurements and relatively sparse

hydrochemical observations in this remote study site provide adequate model constraint

to draw some meaningful insights about hydrochemical drivers.

With the calibrated model, simulated stream discharge matches observed discharge

with an NSE coefficient of 0.87, which indicates that the model performance is satis-

factory (Figure 3.2b). The slight lags between the simulated and observed discharge

on multi-week and shorter timescales may be due to underrepresented flowpath het-

erogeneities in the model and uncertainties in calculating melt rates using a simple

temperature-index model (Saberi et al., 2019). These discrepancies may affect the

model’s ability to correctly simulate the timing or magnitude of some short-term solute

export events, but we consider the model to be still useful for capturing overall trends
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and relationships.
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Figure 3.2: Weekly time series of: (a) precipitation (rainfall and snow) model inputs,

ice-melt model inputs, and simulated ET over the watershed, with the warm and low-

precipitation El Niño period shaded yellow; (b) simulated and observed stream dis-

charge; (c) model input of Na+ with precipitation and melt events (Rmp) to the wa-

tershed, simulated Na+ export rate at the outlet (Re), and simulated Na+ release rate

by albite dissolution (Rr) over the watershed; and (d) simulated Na+ concentration in

groundwater averaged over grid cells adjacent to the stream, simulated Na+ concentra-

tion in the outlet (sampling site SW-4 shown in Figure 3.1a), and simulated percentage

of groundwater contribution to streamflow. X-axis tick marks indicate the first of the

month. Shaded areas show the calibration uncertainty, and in (b), the dashed lines

indicate the pre-calibration (unconstrained) uncertainty.
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Figure 3.3 demonstrates the importance of including mineral dissolution in the cal-

ibrated model in order to reproduce observed groundwater concentrations. Not only

would groundwater concentrations be significantly lower without mineral dissolution at

the two spring sampling locations (GW-1 and GW-2), but the model suggests there

would also be a notable difference underneath higher elevation areas (with glaciers and

in barren areas), which were not sampled, even with the shorter flow paths and resi-

dence times there. Without mineral dissolution, meteoric and melt inputs and ET would

account for only 14-16% of the time-average concentrations throughout the watershed.
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Figure 3.3: Simulated groundwater concentrations, averaged over the simulation year, of
Na+ (left), Ca2+ (middle), and Mg2+ (right) along an elevation gradient spanning the
watershed for two different scenarios, with and without geochemical reactions, along
with measured groundwater concentrations. Dashed error bars show the uncertainty
boundary of the unconstrained Monte-Carlo simulations and solid error bars show the
uncertainty in the calibrated result. Measured concentrations (red dots) at the GW-1
and GW-2 spring locations (map in Figure 3.1a) are compared against simulated ground-
water concentrations for the corresponding grid cell. Average simulated groundwater
concentrations underneath all glacierized (ranging from 5300 to 6280 m a.s.l.) and all
bare soil cells (ranging from 4600 to 4900 m a.s.l.) are also shown to demonstrate the
changes in concentrations simulated in the upper and middle parts of the watershed,
where we lack spring / groundwater samples.

Correct representation of mineral dissolution effects on groundwater hydrochemistry

is necessary for simulating observed stream concentrations (Figure 3.4), because the

calibrated model shows that lateral groundwater flow is the major source (on average

over time and space 78±7%) of discharge (compare blue lines in Figure 3.5e and g),

with surface runoff contributing the remaining amount (22±7%). Figure 3.4 shows that
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the calibrated Na+ concentration simulations in the stream closely capture the observed

spatial trends along the channel as well as changes between the two field campaigns in

June 2015 and June 2016 (e.g., slightly lower Na+ concentration at the outlet in June

2015, when discharge was somewhat higher than in June 2016, Figure 3.2b). Similar

simulation results for Ca2+ and Mg2+ concentrations along the stream are included in

Appendix B, Figure B3.
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Figure 3.4: Simulated Na+ at four different locations along the stream compared to the
measured concentrations from June 2015 and June 2016. Dashed lines show the un-
certainty boundary of the unconstrained Monte-Carlo simulations. Shaded area shows
the uncertainty in the calibrated result, which is significantly reduced from the uncon-
strained range (shown with dashed lines).

3.5.2 Temporally Dynamic Drivers of Hydrochemical Processes

Using our calibrated model results, the Na+ release rate (Rr) through albite dissolution

in a particular grid cell is calculated by:

Rr =

(
Ctm,UZ − C

t−1
m,UZ

dt
×WSUZ +

Ctm,SZ − C
t−1
m,SZ

dt
×WSSZ

)
×Ag (3.9)

where Cm is the mineral concentration of albite (kg/m3), dt is the time increment of

1 day, the t superscript is the time index, UZ and SZ subscripts respectively indicate

the unsaturated and saturated zones, WS is the water storage (m), and Ag is the grid

cell area (m2). The rate of Na+ input through wet deposition with glacial melt and
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precipitation (Rmp) is calculated by:

Rmp = (PrecipitationRate+ IceMeltRate)× Cp ×Ag (3.10)

where Cp is the Na+ concentration measured in precipitation (and is similarly applied

to ice melt, see Table 3.2). Watershed-scale values for Rr and Rmp were determined

by summing over all grid cells. The Na+ export rate (Re) is the product of stream

discharge and Na+ concentration at the stream outlet.

As can be seen in Figure 3.2b and c, the simulated export rate of Na+ (Re) primarily

follows the temporal pattern of simulated stream discharge (correlation coefficient of

0.88), indicating that discharge is the stronger driver of export rate variability over

time than the simulated concentration of Na+ at the outlet (Figure 3.2e). This is

because Na+ concentration at the outlet is relatively constant year-round (coefficient-

of-variation of 13%) compared to the variability in discharge (coefficient-of-variation of

44%). Both discharge and Na+ export are lowest during the El Niño period (November

through January), when there is the least precipitation (Figure 3.2a, b, and c).

The lower variability of Na+ concentration at the outlet is due to the consistently

substantial contribution of groundwater to streamflow (55-85%) in the model. Ground-

water adjacent to the streams carries high concentrations of Na+ (simulated 0.19 to

0.22 mM compared to 0.14 to 0.18 mM in the stream, Figure 3.2d) due to the release of

Na+ via albite dissolution (average 2.8x102 ± 6.2x10 kg/d), which is much higher than

calculated meteoric and glacier melt inputs of Na+ (average 0.3x102 kg/d) and accounts

for the vast majority of the exported solute (average 2.9x102 ± 1.3x10 kg/d) (Figure

3.2c). Note that slight excess Na+ inputs are net additions to groundwater storage of

Na+ over the simulation period.

However, simulated groundwater concentrations of Na+ are not entirely constant

over time (Figure 3.2d). During and just following the El Niño period (November

through March), concentrations are higher than during the flanking wetter periods.

This occurs despite the lower albite dissolution caused by lower moisture (Figure 3.2c),

because high ET during that period (Figure 3.2a) concentrates Na+ in the groundwa-

ter. Note that high ET continues into the months just following the El Niño period

(see Figure 3.2a) because of continued warmer temperatures after precipitation resumes

(see Appendix B, Figure B1). Interestingly, ET serves to both limit Na+ release by
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decreasing moisture - and thus wetted mineral surface areas - as well as boost Na+

concentrations by removing water, with the latter having the prevailing control on

groundwater concentrations. This counteracting ET effect on groundwater concentra-

tions helps stabilize stream water concentrations, because times of slightly lower average

groundwater flow contribution to streamflow (69% in January-March around the dry

period, compared to 80% during the rest of the year) coincide with higher groundwater

concentrations (Figure 3.2d). As a result, even though stream concentrations at the

outlet show some variability on the shorter multi-week time scale (trending with tem-

poral groundwater contributions), it maintains a relatively constant average magnitude

around 0.17 mM over the different wetter and drier periods (Figure 3.2d).

As can be seen by comparing the blue lines in Figure 3.5e, g, and h, temporal vari-

ability in discharge, which drives the temporal variability in Na+ export, is controlled by

groundwater inputs to the stream in the model. While this might suggest that meltwater

inputs play a relatively unimportant role in influencing export dynamics, model results

indicate that an estimated 37% of groundwater originates from ice-melt that infiltrates

into the ground (see Appendix B, Figure B1). This high estimate of ice-melt moving

through the subsurface is constrained by observed reactive solute concentrations. A

previous lower estimate from Saberi et al. (2019) of 16%, which was not constrained

by hydrochemical data, over-simulated stream dilution from melt-driven surface runoff.

Both Saberi et al. (2019) and this study estimated similar overall glacier melt contri-

butions to discharge (∼50%). In the current model, the notable correlation over time

between precipitation plus melt and lateral groundwater flow to the stream (correlation

coefficient of 0.65) suggests that precipitation and infiltrated ice-melt travel relatively

fast to the stream such that their temporal variability is not significantly dampened and

lost in the subsurface (blue line in Figure 3.5e).
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Figure 3.5: Simulated watershed results for (a) Na+ input via melt and precipitation

(Rmp), (b) Na+ release rate via albite dissolution (Rr), (c) the ratio of evapotranspira-

tion to infiltration, (d) Na+ concentrations in groundwater, (e) groundwater discharge

to the stream, (f) Na+ concentrations in the outlet, (g) stream discharge, and (h) Na+

export rate (Re). The blue line represents the scenario with melt and black like the

scenario without glacial melt.

The influence of ice melt on groundwater flow and stream discharge is apparent by

comparing the calibrated model results with ice melt (blue lines) against the model

scenario without ice melt (black lines) in Figure 3.5e and g. Through this influence,

glacier melt can be seen to impact the export of weathering solute Na+ (Figure 3.5h).

The impact results from a combination of hydrological and geochemical factors that are
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evident throughout the simulation year but are often more pronounced during the dry

period of November through January, when water inputs are small without ice melt,

and around April, when both high melt and high precipitation are sustained (Appendix

B, Figure B4). Relative to the model scenario without ice-melt inputs, ice-melt overall

leads to higher Na+ release rate through albite dissolution because of greater ground-

water storage (Figure 3.5b), but lower Na+ concentrations in groundwater and stream

water (Figure 3.5d, f) occur because of dilution. A simple mass balance calculation can

show that groundwater concentrations generally scale with the ratio of ET to infiltra-

tion (where infiltration is defined as precipitation plus meltwater minus surface runoff)

(details in Appendix B, Section B6). Despite similar ET in the two scenarios, this ratio

becomes low in the melt scenario because of substantial amounts of meltwater moving

into the subsurface (Figure 3.5c). However, even though Na+ concentrations in stream-

flow are lower with ice-melt, this is offset by higher discharge when determining impacts

on export rates. With ice-melt, export ultimately increases to reach mass balance with

greater mineral dissolution triggered by infiltrating meltwater. Without glacier melt,

the model predicts an average 23% lower export of Na+, corresponding to an average

49% decrease in stream discharge. This decrease in the stream discharge offsets an

average 53% increase in Na+ concentration in the stream, resulting in the lower export

rate.

3.5.3 Spatially Variable Drivers of Hydrochemical Processes

Distributions across the watershed of simulated hydrologic and geochemical variables in

Figure 3.6 can be used to probe spatially variable processes that control hydrochemical

conditions. Of particular interest are the processes that give rise to the release of Na+

and its concentration in groundwater, which were found in Section 3.5.2 to significantly

influence stream concentrations and export at the outlet. Na+ is released with albite

dissolution at a rate driven by the wetted surface area of the mineral (Eq 3.1). Within

the unsaturated zone, wettest conditions occur where ET/infiltration is lowest (Figure

3.6a, b). The ratio of ET to infiltration, which controls soil water availability and

correspondingly influences solute concentrations, mostly follows spatial patterns of ET

rather than infiltration (not separately shown here). Infiltration is greatest below the

glacier ablation zone and also reflects the precipitation lapse rate, but this has a much
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more minor effect than ET on the ratio. ET patterns are ecologically driven, with

greatest rates simulated in the vegetated páramo region where temperatures are also

warmer. The ET-driven soil moisture distribution drives the highest rates of unsaturated

zone Na+ release in the upper portion of the watershed, above the vegetation line (Figure

3.6e, see caption for note about low concentrations in the ablation zone and adjacent

to streams).

Deeper groundwater storage trends differ and instead track ice melt and surface

water convergence areas (Figure 3.6c). This results in the highest Na+ release rates in

the saturated zone being simulated below the ablation zone and along the stream channel

and tributary (Figure 3.6f). With vertically homogeneous mineral parameters in the

model, saturated zone albite dissolution rates generally dominate the total subsurface

(saturated plus unsaturated zone, Figure 3.6d) release because of higher water volumes

there. However, away from the ablation zone and stream, lower simulated release can

be seen at lower elevations because of ET-controlled processes in the unsaturated zone.

The spatial pattern of Na+ concentration in the subsurface (unsaturated and sat-

urated zones, Figure 3.6g) does not entirely mimic that of the Na+ release. Elevated

concentrations with some dispersion can generally still be detected around the ablation

zone and along the stream, resulting in a statistically significant spatial correlation of

0.52 between Na+ concentration and Na+ release over the watershed. However, away

from the ablation zone and channel, slightly higher concentrations were simulated be-

low the vegetated areas - opposite from the albite dissolution pattern. This reversal

can be attributed to ecohydrological processes in the unsaturated zone (Figure 3.6h).

Although there is less Na+ release with albite dissolution below vegetated areas, high

ET/infiltration imparts a concentrating effect such that for upland grid cells (defined

here as cells not directly adjacent to the stream and not in the ablation zone), there

is a spatial correlation of 0.81 between Na+ concentration and ET/infiltration. This

concentrating effect can be clearest seen with the conservative solute Cl−, which has

concentrations that have a strong spatial correlation (0.8) with ET/infiltration over the

entire watershed at all depths (Figure 3.6j-l).

The spatial hydrochemical relationships within the watershed affect both solute ex-

port and stream concentrations. Because of the glacier melt and steep topography,
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Figure 3.6: Time-averaged simulations of (a) the ratio of evapotranspiration to infiltra-
tion, (b) soil moisture, (c) saturated water storage, (d) Na+ release rate in saturated and
unsaturated zones, (e) Na+ release rate in unsaturated zone (note that low unsaturated
zone Na+ release around the ablation zone and streams is due to the very small un-
saturated depth there compared to saturated depth), (f) Na+ release rate in saturated
zone, (g) Na+ concentration in saturated and unsaturated zones, (h) Na+ concentration
in unsaturated zone, (i) Na+ concentration in saturated zone, (j) Cl− concentration in
saturated and unsaturated zones, (k) Cl− concentration in unsaturated zone, and (l)
Cl− concentration in saturated zone. The ELA is shown with a dashed purple line,
the ablation zone (glacierized area below the ELA) is outlined with a black line, the
vegetated (páramo) area is outlined with a green line, the stream channel and tributary
are shown with a blue line, and the outlet is shown with a light blue star.
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ablation and convergent areas yield the majority of the total Na+ release, which com-

prises most of the exported solute. Upland areas also contribute an appreciable fraction

of the total Na+ release (27%) that will likely increase as ice-melt attenuates. Through

the contribution of upland areas, vegetation-driven ET patterns influence solute ex-

port by decreasing wetted mineral surface areas. The influence of spatially distributed

groundwater concentrations on stream chemistry may be less obvious, given that it is

the groundwater concentrations just adjacent to the stream that impart the direct im-

pact. However, resolving the simulated spatial distributions of Na+ concentrations in

groundwater into roughly wetter and drier periods in Figure 3.7c reveals that during

December-March, when ET is higher (Figure 3.2a and 3.7a), subsurface concentrations

of Na+ are higher across the watershed compared to wetter (lower ET) periods, despite

overall lower Na+ release (Figure 3.7b). During the dry period, these higher concen-

trations throughout the watershed move toward the convergence areas, resulting in the

most highly elevated groundwater concentrations around the stream of the entire year

(Figure 3.7c), despite lower dissolution. As noted in Section 3.5.3, this higher ground-

water concentration somewhat buffers against lower groundwater flows to the stream

during December-March, thus helping to maintain relatively constant seasonal averages

in stream concentrations (Figure 3.2d).

3.5.4 C-Q Relationship

Our model results provide one of the first glimpses at continuous year-long C-Q rela-

tionships for tropical glacierized watersheds (Figure 3.8a), which are typically lacking

in observations. Although the calibration data included only two observation times for

stream outlet concentrations, the calibration uncertainty constrained by the full dataset

is sufficiently small such that a characteristic C-Q shape emerges (see error bars in Fig-

ure 3.8a, b). For simulations with ice-melt, the relationship between stream discharge

and the simulated Na+ concentrations at the outlet is considered to be chemostatic

based on a C-Q power law exponent of -0.08 (using the chemostatic range suggested

by Godsey et al. (2009)). However, various dilution events also appear (indicated in

red in Figure 3.8), and all of these (especially those with lowest concentrations) occur

either during high peaks in surface runoff to discharge (Figure 3.8b), or shortly (usually

1-day) after a high peak due to the time needed for runoff generated in the watershed
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Note that the drier period (December-March) shown here slightly lags the El Niño
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with a blue line, and the outlet is shown with a light blue star.
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to reach the stream outlet. Thus, large surface runoff contributions to discharge drive

these dilution events, and these can occur any time of the year (Figure 3.8c) due to

year-round ablation, often when melt events coincide with times of significant rain (see

Figure B4 in Appendix B). In simulations without glacier melt, peak discharge (Figure

3.5g) and surface runoff contributions to discharge (compare Figure 3.8c and f) greatly

decrease. Overall, Na+ concentrations in groundwater increase (Figure 3.5d), and al-

most all of the strongest dilution events disappear (Figure 3.8e, f), making the C-Q

relationship even more chemostatic (C-Q power law exponent of -0.01) (Figure 3.8d).

The disappearance of most dilution events in the no-ice scenario confirms that it is the

combination of melt and precipitation events, and not precipitation peaks alone, that

generate the dilution episodes when there is ice-melt.
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Figure 3.8: The relationship between simulated daily stream discharge and simulated

daily Na+ concentrations at the outlet, with ice melt (a) and without ice melt (d).

Error bars show the uncertainty for the calibrated model result. Na+ concentrations

and discharge are normalized by the largest corresponding value at the outlet over the

simulation period. The relationship between the surface runoff to stream discharge

ratio (fraction of total discharge) and simulated Na+ concentrations at the outlet, with

ice melt (b) and without ice melt (e). The contribution of surface runoff to discharge

(fraction of discharge) over time, with melt (c) and without ice melt (f). Red dots in

each plot are points for which the normalized Na+ concentrations in the outlet are less

than the threshold of one standard deviation below the mean value in the case with

melt water.
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Comparison of the two model scenarios suggests that in Gavilan Machay, glacier

melt produces many of the major surface runoff events relative to total discharge. These

events can produce diluting episodes throughout the year in an otherwise chemostatic

environment where groundwater (subsurface lateral flow) mobilizes solutes from reac-

tive subsurface minerals. These results suggest that the C-Q patterns are driven by the

relative control of two end-member sources of water with distinct chemistry: surface

runoff (which contributes 22% of the stream discharge) with lower Na+ concentrations

and groundwater lateral flow (which contributes 78% of the stream discharge) with

higher Na+ concentrations. Although a notable amount of ice-melt infiltrates and con-

tributes to groundwater, ice-melt inputs lead to more frequent times when the ratio of

surface runoff to groundwater contribution to the stream is high, and this produces a

diluting effect. A similar behavior was observed in simulations at the Coal Creek study

watershed in Colorado, where the C-Q relationship was found to depend on the season-

ally switching dominance among two end-members (in their case, shallow groundwater

and deeper groundwater) and the distinction among their chemistries (Zhi et al., 2019).

An interesting difference in our inner-tropics settings is that the switching happens

throughout the year and does not strongly correspond with particular seasons. With-

out ice-melt, Gavilan Machay is governed by a single end-member, lateral groundwater

flow, which results in much more chemostatic conditions; this is similar to BioRT-Flux-

PIHM findings by Li et al. (2017b) for the Shale Hills study watershed in Pennsylvania,

where groundwater contributions to streamflow generated steadier and higher stream

concentrations.

3.6 Discussion

3.6.1 Subsurface Processes Play a Dominant Role in Controlling So-

lute Export

Based on our model results for glacierized Gavilan Machay, the high groundwater con-

tribution to streamflow (78%), the dominant contribution by albite dissolution to Na+

inputs to the watershed (87%), and the largely chemostatic stream concentrations (C-Q

power law exponent of -0.08) together establish that subsurface processes, including
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weathering and fluid flow, serve as major drivers of watershed hydrochemistry and so-

lute export. Chemostatic conditions have been previously observed in steep Andean

watersheds without glaciers, and this has been attributed to high erosion rates and/or

long fluid transit times (Torres et al., 2015; Bouchez et al., 2017). Our model does

not explicitly include erosion, but a ready source of weatherable silicate minerals is an

important aspect of our model. Our implementation of a non-limiting concentration

of dissolvable silicate minerals could implicitly represent a rapidly replenishing supply

due to erosion along steep slopes and/or subglacial erosion. In fact, our estimated area-

normalized Na+ flux from Gavilan Machay (10.6 t/km2/y) falls within the range of

those found in watersheds with similar glacier coverage where relatively high erosion

rates have been attributed to snow and ice melt and sub-glacial weathering (e.g., 8

t/km2/y for the Thjorsda glacier in Iceland with 35% glacier coverage (Gislason et al.,

1996), and 17 t/km2/y from the Scott Turnerbreen glacier in Norway with 32% glacier

coverage (Hodgkins et al., 1997)). Thus, although erosion quantification was beyond

the scope of our study, it is likely that the unlimited supply of reactive minerals in the

model includes contributions from erosion occurring at the site.

We further note that at our site, the young volcanic parent material also supports

the model implementation of unexhausted reactive silicate minerals, even without con-

sidering high erosion rates. Roadcut outcrops reveal ash layers that represent fresh

weatherable and conductive material delivered by earlier Chimborazo eruptions, as well

as by modern activity on nearby Volcán Tungurahua (Appendix B, Figure B5), includ-

ing its recent eruption in 2014 (ash in farther away watersheds around Cuenca, Ecuador

has been attributed to Tungurahua (Buytaert et al., 2006)). Further, bedrock outcrops

are well-fractured, suggesting that the soil zone is underlain with permeable volcanic

rocks that XRD results show to contain silicate minerals. This observation supports a

conceptual model of fracture flow weathering the bedrock, which matches that proposed

by Torres et al. (2015) for their Andean study catchments, and is consistent with studies

that similarly noted active weathering zones in fractured bedrock of diverse lithologies

(Anderson et al., 1997; Tipper et al., 2006; Calmels et al., 2011; Andermann et al., 2012;

Salve et al., 2012; Kim et al., 2014). Although we lack direct evidence about the weath-

ering zone thickness at Gavilan Machay, the presence of weatherable silicate minerals

in both upper soil and lower bedrock units is supported by our XRD analysis of soil
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and rock samples and by our ability to match observed hydrochemical and hydrological

conditions with this assumption in the model.

Our large simulated groundwater contribution to discharge (78%) implies that most

flow paths and transit times through the thick weathering zone are long compared to an

alternate case in which there is significant surface runoff. During the model calibration,

this longer contact time was in fact needed to reproduce the observed weathering solute

concentrations in the simulations. In general, a long transit time can be responsible

for chemostatic conditions when it approaches the time needed to reach geochemical

equilibrium with the mineral (Maher, 2011; Maher & Chamberlain, 2014; Wlostowski

et al., 2018). However, in our case, observed concentrations are undersaturated with

respect to albite and diopside (see Appendix B, Table B2), which is consistent with

field observations and model outputs that indicate progressively increasing Na+ con-

centrations in groundwater as one moves downgradient in the watershed (Figure 3.3).

This suggests an intermediary travel time at our site that is longer than that of surface

runoff but shorter than chemical equilibration times in the subsurface. Undersaturated

geochemical conditions may suggest non-chemostatic behavior, contrary to our model

results, because drier periods have slower groundwater flow and longer contact times for

dissolution. However, less moisture during dry periods also lowers the wetted surface

area of the minerals, which can slow dissolution rates (Figure 3.2c). Ultimately, our

model shows that subsurface transit times less than equilibrium times may be adequate

for maintaining relatively chemostatic conditions, because variable wetness conditions

can offset differences in mineral contact times for determining total released solute mass

from dissolution. Additionally, groundwater concentrations can be further modulated

by ET (discussed more below), and temporally variable groundwater contributions to

discharge can affect the impact of groundwater concentrations on stream concentrations

(as discussed in Section 3.5.2).

While the pre-calibration uncertainty in flow pathways and geochemical processes

are notably reduced using currently available data in our Monte Carlo-based model

calibration (Section 3.5.1), we acknowledge that higher temporal resolution C-Q mea-

surements and borehole observations would improve our proposed conceptual model of

the subsurface. Collecting more frequent samples would enable us to constrain model

simulations and the C-Q analysis during times of low-flow, in addition to the high flow
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times captured in the previous field campaigns. Furthermore, obtaining samples from

shallow and deep groundwater across the watershed and with denser coverage with el-

evation would allow us to more confidently constrain the rate at which groundwater

concentrations increase from higher to lower altitudes (Figure 3.7c).

3.6.2 Vegetation Drives Spatiotemporal Variability in Groundwater

Concentrations Through ET

Although previous studies have drawn connections between hydrochemical conditions

and vegetation, most either focus on biogeochemical interactions with nutrients or

organic compounds (Hood et al., 2003; Zakharova et al., 2007; Hood & Scott, 2008;

Romero-Mujalli et al., 2019; Molina et al., 2019) or they do not identify specific pro-

cesses responsible for observed correlations (Nédeltcheva et al., 2006; Hood & Scott,

2008; Williams et al., 2015; Wymore et al., 2017b). Few studies have examined ecohy-

drological controls such as ET on hydrochemical conditions. Our modeling study shows

that altitude-controlled land cover is an important driver of the spatial variability of

solute concentrations in the subsurface through ET. The spatial correlation between

ET and subsurface concentrations is strongest for non-reactive solutes, because the only

process altering their concentration after meteoric deposition is moisture removal via

ET. Reactive solutes are affected by ET in two counteracting ways that ultimately re-

sult in a more complex relationship. Spatially and temporally, higher ET (in vegetated

areas and during drier periods, respectively) decrease wetted mineral surface areas in

the unsaturated zone and thus decrease Na+ release rates with dissolution. However, at

the same time, ET has the same concentrating effect as clearly seen with non-reactive

solutes, and in our simulations, this effect dominates such that drier time periods and

vegetated upland (away from stream channel) areas experience higher concentrations

of weathering solutes in groundwater. This finding about ET controls on solute re-

lease and concentrations suggests that there may be ecohydrologically driven changes

in watershed hydrochemistry as vegetation shifts upslope in mountainous watersheds.

Upslope migration due to warming temperatures has already been noted in various

mountainous catchments across the globe (Walther et al., 2005; Neilson et al., 2005;

Feeley et al., 2011), including on Chimborazo, though migration rate estimates remain

uncertain there (Morueta-Holme et al., 2015; Moret et al., 2019).
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Further ecological factors may include land-use change (Ochoa-Tocachi et al., 2016a),

changes in rooting depth and its impact on weathering rates (Morueta-Holme et al.,

2015; Brantley et al., 2017), accelerated erosion and soil development with vegetation

(Viles, 1990; Merritts et al., 1992; Drever, 1994; Brantley et al., 2012; Amundson et al.,

2015), modified pH through increases in organic content and weathering agents such as

organic acids (Drever, 1994; Zakharova et al., 2007; Finke et al., 2013), and biocycling

of cations and removal of nutrients from soil by plant uptake or leaching (Trudgill

et al., 1977). Our model results suggest that holding all other variables constant, higher

ET with expanded vegetated areas could cause export rates of weathering solutes to

decrease while stream concentrations increase. This could mean that ecosystems within

Andean watersheds may receive a nutrient boost by increased solute concentrations in

groundwater and streamflow, but delivery may be exhausted at farther downgradient

locations due to decreased export.

Importantly, the páramo is a unique, high-altitude ecosystem that encompasses dis-

tinct growth forms that may not all be fully represented by default grassland plant-

functional-type parameters in land-surface models (Minaya, 2016). Because migration

patterns on Chimborazo affect plant type distributions in addition to vegetation line

elevation (Morueta-Holme et al., 2015), resolving canopy and biochemical properties

within páramo communities may be necessary for robustly predicting future ecohydro-

logical changes and their geochemical implications.

3.6.3 Glacier Melt Increases Solute Export and Produces Episodic

Dilution Events

Consistent with a previous global study on glacierized catchments by Torres et al. (2017),

our model results for Gavilan Machay showed that glacial melt increases the export of

weathering solutes by increasing stream discharge and weathering rates, despite lower-

ing solute concentrations. Some studies have attributed this increase in export to higher

erosion rates in glacierized watersheds - often subglacial erosion (Tranter, 2006; Herman

et al., 2013). As discussed above (Section 3.6.1), erosion is not explicitly represented

in the model but could be implied by the implementation of a non-limiting supply of

reactive silicate minerals. In addition to possible erosional processes, we argue that the

large amount of ice-melt that infiltrates in Gavilan Machay is key to both the increased
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export rates and the simulated C-Q behavior in the watershed. Infiltrated meltwater

follows a relatively long flow path starting at high altitudes in the watershed and con-

tinues through our proposed conceptual model of a thick weathering zone (comprising

both a soil and fractured bedrock layer). As discussed in Section 3.5.2, the infiltrated

ice-melt increases water storage in the weathering zone, thereby accelerating silicate

dissolution rates, and ultimately driving higher export of weathering solutes.

For C-Q behavior, without ice melt, the model shows very strong and clear chemostas-

tic conditions, which is consistent with field-observations by Torres et al. (2015) for

non-glacierized Andean catchments. With ice, because a notable amount of meltwater

infiltrates and moves through weatherable soil and fractured bedrock, the C-Q exponent

still falls within the general chemostatic range. However, an aseasonal two end-member

system emerges that is marked by episodic dilution events superimposed on a chemo-

static C-Q background (Section 3.5.4). This C-Q pattern is unique compared to pre-

viously studied temperate glacierized systems. Many temperate studies showed clear

non-chemostatic dilution behavior during the melt season (e.g., Collins (1979, 1983,

1999); Brown (2002); Hindshaw et al. (2011); Kumar et al. (2019)), while others showed

strong chemostatic (Clow & Mast, 2010; Wlostowski et al., 2018) or mobilizing (Lewis

et al., 2012; Stachnik et al., 2016) behavior during melt seasons due to accelerated min-

eral dissolution and increased hydrological connectivity. At Gavilan Machay, because

of the year-round ablation and humid conditions, solute mobilization by melt inputs

is subtle relative to discharge variability; instead, melt coinciding with large precipita-

tion events produce peak surface runoff contributions throughout the year that generate

episodic dilution.

Though a growing number of studies have investigated groundwater processes in

glacierized watersheds across climates (Clow et al., 2003; Liu et al., 2004; Huth et al.,

2004; Hood et al., 2006; Tague et al., 2008; Favier et al., 2008; Tague & Grant, 2009;

Baraer et al., 2009; Andermann et al., 2012; Cauvy-Fraunié et al., 2013; Baraer et al.,

2015; Pohl et al., 2015; Somers et al., 2016; Minaya, 2016; Schmieder et al., 2018;

Harrington et al., 2018; Saberi et al., 2019; Somers et al., 2019), most have not quantified

the contribution of ice-melt to groundwater nor examined possible ice-melt interactions

with precipitation. Given that tropical Andean watersheds together supply ∼50% of the

mean annual flow of the main stem of the Amazon River (Dunne et al., 1998), expanding
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our findings on the hydrochemical effects of infiltrating meltwater – from glaciers and

snow – to other tropical Andean water sheds will be important for characterizing and

ultimately quantifying their regional-scale influence on critical downstream ecosystems.

Our results suggest that some of the disproportionate solute inputs from the Andes to

the Amazon could be driven by meltwater and subsurface interactions, and these will

change as ice and snowpacks diminish in the future.

The importance of meltwater infiltration likely also applies to other settings within

and outside the Andes, including not only fractured volcanic mountains, but also lo-

cations with sedimentary and metamorphic lithologies, where weathering in fractured

media has similarly been observed (Tipper et al., 2006; Calmels et al., 2011; Andermann

et al., 2012; Salve et al., 2012; Kim et al., 2014). Further, our model results may become

relevant for glacierized watersheds with current dry-season melt periods if they shift to

warmer and wetter conditions in the future. Overall, our work suggests that under

warming conditions, as ice-melt contributions attenuate with glacier retreat, fractured

systems may see the greatest decreases in the export of weathering solutes, even as con-

centrations of these solutes increase and stabilize. The decrease in solute export may

be exacerbated by increases in vegetation cover and ET, though exact changes will also

depend on future precipitation and temperature conditions.

It should be noted that our model relies on a temperature-index parameterization for

glacier melt that was calibrated to field observations (Saberi et al., 2019), but simplifies

the influence of other climatic factors. Therefore, in addition to higher resolution C-Q

observations to confirm simulated dilution episodes, our conceptual model of ice-melt

processes would also be improved with a more mechanistic ice melt module, which was

not possible in the current study due to data limitations.

3.7 Summary and Conclusion

Due to difficult access and data sparsity in tropical glacierized watersheds, there is a

critical knowledge gap about their hydrochemical response to rapidly retreating glaciers

under climate change. This study addressed this challenge by applying the recently

developed BioRT-Flux-PIHM model to probe spatiotemporally variable physical, eco-

logical, and geochemical processes within a tropical glacierized watershed in order to
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determine drivers of solute concentrations and export. Calibrated to hydrochemical

and discharge measurements from the Gavilan Machay watershed on Volcán Chimbo-

razo, the model also provided one of the first continuous C-Q relationships in a tropical

glacierized watershed, which we were able to relate to the simulated processes within

the watershed.

We found that unlike canonical flushing/chemostatic/dilution behavior, glacierized

Gavilan Machay simulations exhibit a unique C-Q pattern that comprises a mostly

chemostatic graph, but superimposed by melt-driven dilution events. The unique C-Q

pattern with ice-melt was found to be controlled by the interacting effects of subsurface

flow through young volcanic soils and fractured bedrock, altitude-controlled vegeta-

tion and ET, and year-round glacier melt in a sub-humid climate (Figure 3.9a). The

mostly chemostatic background with ice-melt was attributed to the large contribution

of groundwater to streamflow (78%), which moves through weatherable volcanic soils

and fractured volcanic bedrock and has a notable fraction (37%) consisting of infiltrated

ice-melt. Model simulations suggest that subsurface transit times at Gavilan Machay

may not be as long as mineral equilibrium times, often a requirement for chemostatic

behavior. However, relatively constant stream water concentrations were nonetheless

maintained, because in higher ET times and locations, slower dissolution rates with

lower moisture were offset by the concentrating effects of ET. Ice-melt did not all in-

filtrate; especially during times when ice-melt events coincided with large precipitation

peaks, they triggered high contributions of low-concentration surface runoff to discharge,

driving episodic dilution events to occur.
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Figure 3.9: Schematic diagrams showing inferred controls on the hydrochemistry of a

tropical montane watershed for (a) the present-day scenario with ice-melt and (b) a

scenario without ice-melt, capturing potential changes after glaciers fully retreat. The

presence of glaciers allows for higher solute export (Re) when ice-melt infiltrates, because

this raises groundwater storage and accelerates mineral dissolution in a weathering zone

of soil overlying fractured bedrock. Both scenarios exhibit some degree of chemostatic

behavior (dark blue points on the log C-log Q inset graphs), because lower dissolution

rates in drier times and locations are offset by the concentrating effect of greater ET

(red arrows). With ice-melt, coincident ice-melt and precipitation events further trigger

surface runoff events (light blue arrow) that produce dilution episodes any time of the

year (light blue points in C-Q inset). These dilution events mostly disappear without

ice-melt, causing the watershed to shift to much more chemostatic conditions with higher

solute concentrations (C) at the outlet. As glaciers fully retreat, the increase in solute

concentrations and decrease in solute export will likely be exacerbated by higher ET as

warming conditions also cause vegetation to migrate upslope.

Our findings have important implications for vulnerable tropical environments in

which glaciers are fast-retreating and vegetation is shifting upslope - possibly at above-

average rates - due to warming temperatures (Figure 3.9b). Our results suggest that

attenuating ice-melt inputs will decrease groundwater storage, and thus lower weather-

ing rates and solute export. These effects may be compounded by expanding areas of

vegetation on the montane slopes, which will increase ET, thereby further reducing wet-

ted mineral surfaces and weathering, while also increasing stream water concentrations.

While these changes may allow for a shift to much more chemostatic behavior with
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higher concentrations of solutes such as Na+, Ca2+, and Mg2+, the overall decrease in

solute export (by 23% in the model scenario without ice-melt) will limit the transport

and delivery of solutes to farther away areas in the Amazon Basin. This could have

implications for downstream ecological productivity, given the role of these solutes as

plant macro- and micronutrients.

Our work identifies features of tropical glacierized watersheds like Gavilan Machay

that are important drivers of hydrochemical behavior but may be distinct from other

more intensively studied temperate glacierized watersheds. While the combination of

these physical, ecological, and geochemical factors may be unique to certain tropical

glacierized watersheds, our findings prompt further evaluation in other settings of cur-

rently understudied processes, including subsurface flow paths of meltwater, ecohydro-

logical controls on hydrochemistry, and interactions between snow and ice melt and

changing precipitation regimes.
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Chapter 4

Evaluating the Hydrological

Response of a Tropical

Glacierized Mountainous

Watershed to Upslope Vegetation

Migration

4.1 Introduction

Under warmer conditions, vegetation cover is expected to change, particularly in moun-

tainous watersheds (Walther et al., 2005; Colwell et al., 2008; Feeley et al., 2011; Jump

et al., 2012; Morueta-Holme et al., 2015; Pribulick et al., 2016), and this may affect hy-

drological processes by altering evapotranspiration (Neilson & Marks, 1994; Beniston,

2003; Goulden & Bales, 2014; Rasouli et al., 2019). Observations in mountain slopes

across the world reveal that as temperature increases, it provides a suitable environment

for plants growth in higher altitudes, resulting in an upslope migration of vegetation

(Clow et al., 2003; Walther et al., 2005; Lenoir et al., 2008; Breshears et al., 2008;

Morueta-Holme et al., 2015; Lamprecht et al., 2018). Vegetation lines have shifted up-

wards by an average 29.5 meters per decade altitudinally across mountains in Western
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Europe (Lenoir et al., 2008). The same trend has been observed in tropical mountainous

regions (Colwell et al., 2008; Chen et al., 2009; Feeley & Silman, 2010; Feeley et al.,

2011; Morueta-Holme et al., 2015), with montane species migrating upslope by an av-

erage of 25–35 vertical meters upslope per decade (Feeley et al., 2011; Morueta-Holme

et al., 2015).

In addition to altitudinal shift of vegetation lines in mountainous regions, warming

also alters the composition of the montane vegetation in mountainous watersheds, such

that plant communities with shallow-rooted high elevation species turn over to taller

and deeper-rooted species (Huxman et al., 2005; Darrouzet-Nardi et al., 2006; Fadrique

et al., 2018). This means that in the Andean páramos, which are high alpine grassland

ecosystems, shallow-rooted plants such as cushion plants and herbaceous plants may

be replaced with shrubs and tussock grass with deeper roots. Upslope migration of

vegetation and conversion of shallow-rooted species to deeper-rooted species has the

potential to reduce surface-water supply (Zhang et al., 2001; Beniston, 2003; Huxman

et al., 2005; Darrouzet-Nardi et al., 2006; Goulden & Bales, 2014; Ochoa-Tocachi et al.,

2016b; Rasouli et al., 2019), primarily through increase in evapotranspiration (Huxman

et al., 2005; Zhang et al., 2001). Upslope migration of vegetation in temperate and

humid mountainous regions may result in 7% to up to 26% reduction of stream discharge

by increasing evapotranspiration (Goulden & Bales, 2014; Rasouli et al., 2019). One

region that could be particularly susceptible to ecohydrological impacts of climate-driven

vegetation shifts is the tropical Andes, because the fastest rates of warming in the world

have been predicted in low latitudes and high altitudes (Bradley, 2006). However, there

have been no previous studies that have evaluated the hydrologic response of tropical

mountainous watersheds to changes in vegetation.

While there have been many studies in tropical glacierized mountainous watersheds

on the impact of climate change on hydrology (Barnett et al., 2005; Ostheimer et al.,

2005a; Bradley, 2006; Mark & Mckenzie, 2007; Baraer et al., 2009; Saberi et al., 2019;

Somers et al., 2019), these have not considered the concomitant effects of vegetation

change. The lack of studies on the impact of upslope migration of vegetation on hydro-

logic systems of tropical glacierized watersheds represents a major knowledge gap about

these highly vulnerable systems. Hydrological impacts have important implications for
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local communities who rely on the water from these catchments for domestic and irriga-

tion purposes (La Frenierre, 2014). Hydrological processes in landscapes dominated by

subsurface flow are particularly prone to change by alteration in vegetation distribution

(Wilcox, 2002; Huxman et al., 2005). Several studies in tropical glacierized mountainous

watersheds have found groundwater to contribute a notable fraction of stream discharge

(Favier et al., 2008; Baraer et al., 2015; Minaya, 2016; Saberi et al., 2019), making these

watersheds potentially highly susceptible to upslope migration of vegetation.

This study examines the hydrological response of a tropical glacierized mountainous

watershed to the combination of climate and vegetation change. This study builds on

our recent understanding of the hydrological response of a tropical glacierized moun-

tainous watershed in the Ecuadorian Andes to climate change, where currently, glacier

melt significantly contributes to the stream discharge (∼50%) (Saberi et al., 2019). We

thus expect that stream discharge will decrease after glaciers fully retreat under warm-

ing temperatures, and that these effects will be exacerbated with the upslope migration

of vegetation. We implemented a spatially distributed and physically based model that

integrates watershed hydrology and reactive transport, BioRT-Flux-PIHM (Bao et al.,

2017; Zhi et al., 2020) to address the following questions in a sub-humid, tropical glacier-

ized watershed: 1) Will upslope migration of vegetation decrease stream discharge, and

by how much? and 2) How do interactions among climate, vegetation, and hydrological

processes control the changes in discharge?

4.2 Study Site Description

Volcán Chimborazo (6268 m a.s.l.), is a dormant glacierized volcano with its summit

covered by a ∼55 m-thick ice cap (Ginot et al., 2002). Chimborazo’s tropical climate

is characterized by minimal interannual variability (∼2 ◦C) and noticeable variability

in seasonal precipitation (La Frenierre, 2014). There are typically two wet seasons

(February-May and October-November) that are separated by two drier seasons. Dur-

ing the June 2015 to June 2016 study period considered in this work, a strong El

Niño event occurred from November 2015 to May 2016. In this part of the Andes,

El Niño events generally bring drier and hotter than normal conditions (Vuille et al.,

2000; Wagnon et al., 2001; Francou, 2003; Bradley et al., 2003; Vuille & Keimig, 2004;
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Smith et al., 2008b), which can significantly enhance ablation due to the higher temper-

ature (Wagnon et al., 2001; Favier, 2004; Francou, 2004; Veettil et al., 2014a). Records

from 1986 to 2011 show a local temperature increase of 0.11 oC /decade around Volcán

Chimborazo (Vuille et al., 2008), which resulted in 21% reduction in ice surface area

during this time (La Frenierre & Mark, 2017). Our study focuses on the 7.5 km2 Gav-

ilan Machay sub-catchment on the sub-humid northeast flank of Chimborazo. Gavilan

Machay has an altitude range of 3800 to 6268 m a.s.l. and is currently 34% covered by

the Reschreiter Glacier (Figure 4.1). We previously showed that stream discharge from

Gavilan Machay may contain up to ∼50% glacier melt (Saberi et al., 2019), which has

significant implications for the people living in the agrarian communities at the foot of

the mountain, as the glaciers continue to retreat.

Figure 4.1: Satellite image of Volcán Chimborazo, with the Gavilan Machay watershed
outlined in red, and its location in Ecuador shown in the insert map.

Volcán Chimborazo is predominantly covered with “páramo” grasslands, which are

native to the high-elevation tropical Andes, occupying habitats between 3000 and 4700
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m a.s.l. (Lauer, 1981). Páramo is composed of many different types of vegetation and

exhibits different climate, soil, and hydrology at local scales (Luteyn & Balslev, 1992).

As a high-elevation ecosystem, the páramo is adapted to low atmospheric pressure,

intense solar radiation, and the drying effect of wind (Cuatrecasas, 1968). The páramo

has high plant diversity (>5,000 species), including bunchgrasses (Calamagrostis and

Festuca), shrubs, tussock grass, giant rosettes, and small mat-forming plants such as

lichens, cushion plants, ground rosettes (Luteyn & Balslev, 1992). Elevation is the main

driver of páramo vegetation, resulting in an internal vertical structure with three main

altitudinal belts: the subpáramo, páramo, and superpáramo (Cuatrecasas, 1968). The

subpáramo sits above the upper Andean forest and usually contains shrubs, small trees,

and tussock grasses. Generally, spanning from 3500 to 4500 m a.s.l., the páramo is

dominated by shrubs, tussock grass, and trees along the stream. At about 4400 to 4500

m a.s.l., the páramo transitions into sparsely vegetated conditions, primarily dominated

by mosses and bare soil, until glaciers or permanent snow is reached.

The primary geology of Chimborazo consists of layered lava and pyroclastic flows,

overlaid by thick ash deposits (Barba et al., 2008; Samaniego et al., 2012). Páramo

soils are rich in organic matter and can be characterized by their high infiltration rates

and water storage capacity, which are considered to be key in sustaining river discharge

throughout the year (Podwojewski et al., 2002; Buytaert et al., 2006). The Gavilan

Machay soil and bedrock is predominantly composed of reactive aluminosilicate minerals

including felspars, pyroxenes, and amphiboles (Saberi et al., 2020). Weathering of these

minerals results in Na+, Ca2+, Mg2+ comprising the major ions found in the stream

water (Saberi et al., 2020).

4.3 Vegetation Shift Analysis

To assess upslope migration of the vegetation line and vegetation composition in Gavilan

Machay watershed, we developed a land cover classification map based on the most

recent publicly available imagery from 2011. We then compared the newly developed

map with a 1978 historical land-cover map to estimate the recent vegetation migration

rate.
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4.3.1 Land-Cover Classification

Object Based Image Analysis (OBIA) was applied to remote sensing data to develop a

land cover classification map for the Gavilan Machay watershed. The OBIA technique

involves a preliminary image segmentation step in which pixel-based features are used

to produce statistically homogeneous image objects (Benz et al., 2004). The image

objects, also known as geo-objects, are then classified as land cover classes based on

their spectral, textural, and shape attributes (Burnett & Blaschke, 2003; Hay & Castilla,

2008). The Cognition Network Language (CNL) within the software package eCognition

Developer version 9.0 by Trimble was used for the work.

4.3.1.1 Data Retrieval and Pre-eCognition Processing

OBIA analysis was conducted using high-resolution (30 cm) orthorectified digital aerial

photography containing four multispectral bands (red, green, blue, and near infrared),

vector layers delineating the 2013 extent of clean and debris-covered ice and stream line

(La Frenierre & Mark, 2017), and a 3-meter Digital Terrain Model (DTM). The high

resolution orthophoto, collected between March and October 2011 at Volcán Chimb-

orazo, was obtained from the Sistema Nacional de Información de Tierras Rurales

e Infrastructura Tecnológica (SIGTIERRAS: http://www.sigtierras.gob.ec/descargas/)

initiative of the Ecuadorian Ministry of Agriculture, Livestock, Aquaculture and Fish-

eries. The high resolution DTM was created by SIGTIERRAS using the orthophotos

(http://www.sigtierras.gob.ec/descargas). ERDAS imagine software was used to create

a mosaic of the aerial photography and DTM.

4.3.1.2 Development of eCognition Rule Set

Land cover classification in eCognition is based on an iterative process of segmentation

and classification (O’Neil-Dunne et al., 2013), with the goal of achieving the highest level

of accuracy of the desired land cover classes. In segmentation, the spectral similarities

of neighboring pixels are used to define image objects. Different types of segmentation

algorithms with parameters such as shape, weight, and compactness can be used to

create image objects. Additionally, vector layers, also referred to as thematic layers,

can be used during this step to create image objects outlining features such as lakes and
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streams. Classification is implemented based on sets of characteristics including geom-

etry, Normalized Difference Vegetation Index (NDVI), and slope defined for each image

object. A simple classification method based on defining multiple feature thresholds

(e.g., 4200 m a.s.l. < elevation < 4400 m a.s.l. & 0.0163 < NDVI < 0.018) was used in

this study to classify the objects.

The set of segmentation and classification algorithms used to produce a classified

image is referred to as a rule set. In order to develop the rule set for this study,

the orthophoto and the DTM of the region were used to generate an NDVI and a

slope raster layer. The NDVI layer was used primarily for identification of vegetation-

covered areas versus barren areas. Two vector layers delineating the clean and debris-

covered ice were used to classify the ice-covered areas. The final rule set involves three

levels of segmentation and classification for identifying nine land cover types (clean ice,

debris-covered ice, trees and shrubs, stream, pond, grassy páramo, mixed páramo, upper

páramo, and moss-rock). Field observations of altitudinal vegetation distribution in the

watershed were incorporated in the level 2 segmentation of the classification. Figure

4.2 illustrates the entire land cover classification process that we developed with the

eCognition Software.

4.3.2 Updated Land-Cover Classification

Figure 4.3a shows the resulting land cover classification map for Gavilan Machay wa-

tershed from our eCognition rule set. The results were verified using observations and

plants sampling points from the field. We aimed to classify semi-permanent land-cover

types over the entire watershed, yet it should be noted that the extents of the ponds

can be highly dynamic throughout the year. The páramo ecosystem in Gavilan Machay

catchment is divided into three zones based on our field observations and land cover

classification: grassy páramo (Figure 4.3b), mixed páramo (Figure 4.3c), and upper

páramo (Figure 4.3d). The rest of the non-glacierized catchment is composed of rocks,

cushions, and mosses, which we called the moss zone (Figure 4.3e). The grassy páramo,

which sits below 4200 m a.s.l., is dominated by tussock grass. The mixed páramo, which

spans the watershed between 4200 - 4400 m a.s.l., primarily contains dwarf shrubs and

shrubs, with a few trees along the stream. Above the grassy páramo lies the upper

páramo, which is composed of dwarf shrubs, herbaceous plants and sedges, and mosses.
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Figure 4.2: Flowchart representing the workflow for segmentation and classification
applied in the eCognition Software to develop the land cover classification map for
Gavilan Machay watershed, Volcán Chimborazo.
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The rest of the catchment, if not covered with ice, is dominated by bare soil, mosses,

cushions, and lichens. The plant composition of the classes with vegetation is described

in detail in Table 4.1.

Land Cover Type Altitudinal Range Dominant Growth Forms (Species)

Grassy Páramo (Pa-
jonal Paramuno)

<4200 m a.s.l.
• Tussock Grass (Calamagrostis species)

Mixed páramo (Pajonal
Arbustivo)

4200 to 4400 m a.s.l.
• Tussock Grasses (Calamagrostis sp. and

Stipa sp.)
• Shrubs (Hypericum sp., Diplostephium

sp., Baccharis sp., Chuquiragua sp., and
Loricaria sp.)
• Trees (Gynoxys sp. and Polylepis sp.)
• Herbaceous Plants (Acaena sp., Arenaria

sp., Castilleja sp., and Lachemilla sp.)
• Cushions (Plantago rigida, and Azorella

sp.)
• Mosses (Racomitrium sp. and Breutelia

sp.)

Upper Páramo (Su-
perpáramo)

4400 to 4600 m a.s.l.
• Cushions (Plantago sp., Azorella sp., and

Distichia sp.)
• Sedges and Grasses (Carex sp, Festuca sp.,

and Calamagrostis sp.)
• Herbaceous Plants (Senecio sp., Werneria

sp., and Lachemilla sp.)
• Mosses (Racomitrium sp., and other

Grimmiaceae)

Moss zone (Zona de
Musgos)

>4600 & Non-
glacierized • Mosses (Racomitrium sp., Andreaea sp.,

and Polytrichastrum sp.)
• Lichens (Bryoria sp., and Rhizocarpon sp.)
• Cushions (Azorella sp.)
• Acaulescent rosettes (Senecio sp.)

Table 4.1: Plant composition of each land cover class not covered by ice identified in
Gavilan Machay watershed at Volcán Chimborazo.

4.3.3 Upslope Migration of Vegetation

A digitized version of the land-cover map developed in 1978 for this region by the

Ecuadorian Department of Geography (Departamento de Geografia) is shown in Figure
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Figure 4.3: (a) Updated land cover classification using OBIA approach. We consider
the vegetation line to be the transition from Upper Páramo to Moss Zone. The Gavilan
Machay watershed is divided into nine different land cover classes. Photos represent the
main classes, including (b) Grassy Páramo, (c) Mixed Páramo, (d) Upper Páramo, and
(e) Moss Zone in Gavilan Machay catchment at Volcán Chimborazo.
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4.4. This land cover map is based on land surveys conducted from 1976 to 1978, landsat

images, and topographic data from the Instituto Geográfico Militare del Ecuador (IGM).

Although this map was developed through a different procedure and includes somewhat

different classes than those defined in the updated land cover map, it is still possible

to qualitatively approximate upslope migration of the vegetation line between 1978 and

2011 by comparing the two land cover maps. In the 1978 map, we considered the

transition from “Perennial bunchgrass” to “Sand/Gravel” to be the vegetation line, and

in the 2011 map, we considered the transition from “Upper Páramo” to the sparsely

vegetated “Moss Zone” to be the vegetation line.

Streams
Ice/Snow/Rock

Prennial Bunchgrass

Sand/Gravel

Legend

Figure 4.4: 1978 land cover classification for the Volcán Chimborazo, with the Gavilan
Machay watershed outlined in red. This classification was developed by the Ecuadorian
Department of Geography based on land surveys conducted between 1976-1978 and
topographic data from the Instituto Geográfico Militare del Ecuador (IGM) and was
digitized by La Frenierre (2014). We consider the vegetation line to be the transition
from Perennial Bunchgrass to Sand/Gravel.

The upper elevation limit migration of vegetation from 1978 to 2011 is shown in Fig-

ure 4.5. The limit of vegetation appears to have moved upslope by approximately 1.5

91



to 150 meters in elevation, depending on the location in the watershed, which is equiv-

alent to up to 45 m/decade. Morueta-Holme et al. (2015) found more than 500 meters

of upslope vegetation migration from 1802 to 2012 on the southeast slope of Volcán

Chimborazo. This equates to a conservative average of 24 m/decade, although it is

likely that most of the migration occurred in more recent decades that have experienced

accelerated warming.

Vegetation 
Limit 1978

Vegetation 
Limit 2011

Gavilan Machay

Glacier Extent 2013

Clean Ice

Debris Covered Ice

Vegetation Limit 
2080-2099

Figure 4.5: Comparison of 1978 (dashed line) and 2011 (solid line) boundaries of vege-
tation limit on Chimborazo. The upper limit of vegetation migrated upslope from 1.5
to 150 meter within the Gavilan Machay watershed. The projected vegetation line for
2088-2099 is shown with the pink line.

The estimated upslope migration rates from both our land cover map comparison

and the analysis by Morueta-Holme et al. (2015) on Volcán Chimborazo are higher than

the reported median of 11 m/decade across plant species worldwide (Chen et al., 2011).

This larger shift at Chimborazo is most likely linked to higher rates of warming in the
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tropical Andes compared to the global average (Bradley, 2006) as well as decrease in

precipitation in the area, which contributes to glacier recession (La Frenierre & Mark,

2017; Morueta-Holme et al., 2015).

We expect that potential future vegetation shifts in Gavilan Machay will depend on

changes in temperature. For the northern part of South America, the latest climate

projection scenarios predict an increase in temperature between 3±1.5 ◦C for 2080-2099

(IPCC, 2007). Following the approach of Feeley et al. (2011) to predict the correspond-

ing vegetation shift, we assume that temperature will increase uniformly over the entire

watershed, and that the future vegetation line and spatial distribution will follow its

current-day relationship with the temperature. This allows us to apply the current

temperature lapse rate (0.7 ◦C with 100 m) with a projected 4.5 ◦C increase in air

temperature to estimate that vegetation will shift upslope by about 650 m in the future

(Figure 4.5).

It is possible that the future vegetation line shift may be even greater than we

projected, because warmer temperatures and greater evapotranspiration will produce

higher humidity, and this is expected to lower the temperature lapse rate (Buytaert

& Beven, 2011). This would result in even stronger warming at higher altitudes than

expected with the current temperature lapse rate (Urrutia & Vuille, 2009), which may

lead to even farther upslope migration of the vegetation line.

Beside the possibility of all plant types shifting upslope by 650 m, previous studies

indicate that warming may result in shallow-rooted high elevation plants to be replaced

by taller-stature and deeper-rooted species from lower elevations (Huxman et al., 2005;

Darrouzet-Nardi et al., 2006; Fadrique et al., 2018). On Chimborazo, this could corre-

spond to tussock grasses that are currently prevalent at lower elevations (Grassy Páramo

in Figure 4.3) replacing lower-statured and shallower-rooted species within the Upper

Páramo class. On the southeast slope of Chimborazo, Morueta-Holme et al. (2015)

found most plant taxa to be shifting upslope, but with differences in movement among

species. Although tussock grass was observed at higher elevations than historically

noted, most of its expansion was actually into lower elevations, possibly because of

land-use practices or changes in atmospheric nitrogen deposition. Although the possi-

bility of upslope encroachment of tussock grass is unknown, we also consider a future

condition with deeper-rooted tussock grass distributed up to the vegetation line, in order
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to assess a more extreme scenario in terms of potential ecohydrological impacts.

Hydrological consequences of the projected upslope shift in vegetation - all plant

types and with tussock grass encroachment - are evaluated using the watershed model

described next in Section 4.4.

4.4 Model Description

4.4.1 BioRT-Flux-PIHM

BioRT-FluxPIHM is a spatially distributed and physically based watershed model con-

sisting of three modules: a land-surface interaction Flux module (Ek et al., 2003; Shi

et al., 2013), a hydrologic PIHM module (Qu & Duffy, 2007), and a multi-component

biogeochemical reactive transport module (Bao et al., 2017; Zhi et al., 2020). To im-

plement the model, the PIHMgis software (Bhatt et al., 2014) was used to discretize

the watershed into triangular grid cells based on the topography. Channel routing and

overland flow in the model are determined using 1D and 2D St. Venant equations.

Subsurface flow in the unsaturated and saturated zones of each cell are calculated using

1D and 2D forms, respectively, of Richards equation. Potential evapotranspiration in

the model is calculated using a modified form of Penman Monteith equation, which

depends on meteorological inputs, albedo, and surface roughness (Mahrt & Ek, 1984).

Actual evapotranspiration in the model is determined from potential evapotranspiration

and comprises three components: soil evaporation, canopy transpiration, and canopy

evaporation. Full details about Flux-PIHM can be found in Qu & Duffy (2007). In

the following, we provide further information about evapotranspiration calculations,

because the effects of vegetation shifts occur mainly through these processes.

Soil evaporation in the model is estimated through the following equation:

Esoil = Ep(1− σf )(
θ1 − θw
θref − θw

) (4.1)

where σf is the green vegetation fraction, θ1 is the simulated soil moisture in top

layer, θref is the soil field capacity, θw is the soil wilting point, and Ep is the potential

evapotranspiration. θw and θref are calculated based on van Genuchten parameters.
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Canopy evaporation in the model is simulated through:

Ec = Epσf (
Wc

Wcmax
)fxc (4.2)

where Wc is the simulated storage for canopy interception, Wcmax is the maximum

canopy water capacity, and fxc is the canopy evaporation coefficient, which is set by

default to 0.5. Wcmax changes seasonally and is a function of leaf area index (LAI):

Wcmax = S.LAI (4.3)

where S is the reference canopy water capacity (set as 0.2 mm).

Canopy transpiration in the model is determined through:

Et = EpσfBc(1−
Wc

Wcmax
)fxc (4.4)

Bc is calculated using:

Bc =
1 + ∆

γ+1

1 +RcCh + ∆
γ+1

(4.5)

where ∆ is the rate of change of saturation specific humidity with air temperature,

γ is the psychrometric constant, Rc is the canopy resistance, and Ch is the surface ex-

change coefficient for heat and moisture (which depends on surface roughness). Canopy

resistance in the model is a function of minimum stomatal resistance, LAI, and four

factors, F1, F2, F3, and F4, each of which represents the effects of solar radiation, vapor

pressure deficit, air temperature, and soil moisture, respectively:

Rc =
Rcmin

LAI.F1F2F3F4
(4.6)

Rcmin is the minimum stomatal resistance (depends on vegetation type), and F1,

F2, F3, and F4 are estimated through equations 4.7 to 4.10, respectively:

F1 =
Rcmin
Rcmax

+ f

1 + f
where f = 1.1

S

Rgl.LAI
(4.7)
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(where Rcmax is the maximum stomatal resistance (5000 s/m), S is the downward

solar radiation, and Rgl is the reference visible solar radiation, which primarily depends

on the type of vegetation),

F2 =
1

1 + hs(qs − q)
(4.8)

(where hs is the water vapor exchange coefficient, qs is the saturation specific hu-

midity, and q is the specific humidity of the air),

F3 = 1− 0.0016(Tref − Ta)2 (4.9)

(where Tref is the reference temperature (24.85 ◦C) and T is the air temperature),

and

F4 =

Nroot∑
i

(θi − θw)dzi
(θref − θw)droot

(4.10)

(where θi is the simulated soil moisture at layer i, θref is the soil field capacity,

θw is the soil wilting point, dzi is the depth of soil layer, and droot is the total depth

of root zone). In the above evapotranspiration equations, soil moisture in different

layers and canopy water storage are dynamically simulated model states, meteorological

variables are time-varying inputs, and all other variables are inputted as vegetation or

soil parameters.

4.4.2 Model Setup

4.4.2.1 Soil Parameter Calibration

The soil hydraulic properties for different soil zones, which were spatially distributed

along the elevations based on the mapped land-cover zones, were calibrated using both

hydrological and hydrochemical observations. The calibrated soil hydraulic parameters

included horizontal and vertical hydraulic conductivity, porosity, and van Genuchten

water retention curve parameters. Details on the calibration are provided in Saberi

et al. (2020).
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4.4.2.2 Vegetation Parameterization

Land cover types in the model are represented and linked to hydrological and land sur-

face processes through parameters such as green vegetation fraction, rooting depth, leaf

area index, albedo, and surface roughness. We developed a new set of PFT parameteri-

zations corresponding to the páramo categories in our land-classification map (Table 4.2,

Figure 4.3) based on field observations of vegetation during August 2018 and January

2019 and literature descriptions of páramo systems. Because many of the land classes

comprise multiple plant forms, for the parameter values, we implemented abundance-

weighted averages over the different plant forms. Whenever possible, we built off pa-

rameter values for pre-existing Flux-PIHM PFTs that most closely resemble our páramo

plant forms. Some páramo plant forms, such as moss, sedges/herbaceous plants, and

shrubs, correspond with pre-existing PFTs in FluxPIHM. Cushion plants (e.g. Azorella

spp., Plantago rigida, Distichia spp) and acaulescent rosettes (e.g. Senecio spp) have no

direct equivalent in pre-existing PFTs, and so we implemented the pre-existing “dwarf

shrub” parameter values as closest approximations in stature and physiology. For tus-

sock grass, we started with the pre-existing grassland PFT and made with the modi-

fication of increased stomatal resistance and roughness to reflect the tall, tough leaves

that characterize tussock grass, including Calamagrostis and similar genera. Plant form

abundances for the new PFT categories were based on in situ surveys of relative cover

as well as published classifications of Ecuadorian páramos (Beltrán et al., 2009; Minaya,

2016). Mixed páramo (“Pajonal arbustivo altimontano paramuno”) contains a mix of

tussock grass, low shrubs, cushion plants, and other low-statured vegetation, and we

parameterized this as 30% shrub, 30% grass, 20% dwarf shrub, and 20% moss. Because

trees and shrubs cover only a very small area along streams around the grassy páramo

and mixed páramo transition (Figure 4.3), these areas were coded under the mixed

páramo class for the model implementation. Upper páramo (“Matorrales Edafoxerófilos

en Coj́ın Altoandinos Paramunos”) is even lower in stature, and we implemented this as

40% dwarf shrub, 35% sedge/herbaceous plants, and 25% moss. Lastly, the Moss zone

(“Vegetación subnival”) is sparsely vegetated and primarily moss and lichen-dominated,

with some cushion plants and acaulescent rosettes, and it is parameterized as 20% dwarf

shrub, 20% moss, and 60% barren (Flux-PIHM has a pre-existing “barren” land-cover
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PFT). For the ice-covered zone, we implemented the pre-existing Perennial Ice and Snow

land-cover class.

The vegetation parameterization in this study is more detailed than what was im-

plemented in Saberi et al. (2019) and Saberi et al. (2020), which enables us to evaluate

different vegetation shift scenarios in the watershed.

SHDFAC Droot RS Rgl LAImin LAImax EMISSmin EMISSmax ALBmin ALBmax Rough

Grassy Parámo 0.8 0.7 150 80 0.52 4 0.92 0.96 0.19 0.23 0.04

Mixed Parámo 0.71 0.61 177 94 0.71 0.35 0.93 0.95 0.2 0.27 0.04

Upper Parámo 0.64 0.43 92 100 1.17 4.07 0.94 0.95 0.17 0.23 0.04

Moss Zone 0.27 0.22 641.4 639.4 0.46 1.65 0.91 0.92 0.31 0.34 0.04

Table 4.2: SHDFAC (σf ): green vegetation fraction (m2/m2), Droot: rooting depth
(m), RS : minimum stomatal resistance (s/m), Rgl: parameter used in radiation
stress function (W/m2), LAImin: minimum leaf area index through the year (m2/m2),
LAImax: maximum leaf area index through the year (m2/m2), EMISSmin: minimum
background emissivity through the year (-), EMISSmax: maximum background emis-
sivity through the year (-), ALBmin: minimum background albedo through the year
(-), ALBmax: maximum background albedo through the year (-), Rough: Manning’s
roughness coefficient (s/m(−1/3)).

4.4.2.3 Model Scenarios

The BioRT-Flux-PIHM model was run for three change scenarios, relative to a “Base

case” representing current conditions, to differentiate the individual and combined ef-

fects of full retreat of glaciers, increase in air temperature, upslope migration of all vege-

tation types, and upslope vegetation migration with tussock encroachment. Specifically,

the effects of changes in climate and vegetation on hydrological variables were evaluated

under 1) future conditions with total glacier depletion, warming by 4.5 ◦C according to

projections of temperature increase for the tropical Andes (IPCC, 2007), and unchanged

vegetation distribution (“NoGlacier+∆T”); 2) future conditions with total glacier deple-

tion, 4.5 ◦C warming, and 650 m upslope shift of all vegetation types (specifically, land

cover classes below our designated vegetation line: Grassy Páramo, Mixed Páramo, and

Upper Páramo) corresponding to the increase in temperature (“+AllPlantsUp”); and 3)

future conditions with total glacier depletion, 4.5 ◦C warming, and 650 m upslope veg-

etation migration with tussock grass encroachment, such that the entire vegetated area
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(defined as the area below the vegetation line) is covered with tussock grass (“+Tus-

sockUp). In all the scenarios without glaciers, the areas above the vegetation line are

covered with the “Moss Zone” PFT. The “Base case” scenario uses meteorological in-

puts from June 2015 to June 2016. For the change scenarios, we applied an additive 4.5

◦C air temperature increment to the same June 2015-June 2016 meteorological inputs,

because of the major challenges and consequent uncertainties in spatially downscaling

climate model simulations in very high relief settings (Buytaert et al., 2010). The model

was run in a spin-up mode until stream discharge and aqueous species reached a steady

state such that they did not change with time. The Base case and three change scenarios

are conceptualized in Figure 4.6 to show the applied changes in vegetation and glacier

for each scenario, which are summarized in Table 4.3.

Temperature Vegetation Glacier Melt Notation

Current Current Current Base

+4.5 ◦C Current None NoGlacier+∆T

+4.5 ◦C
Upslope Migration of All Vegetation
Types None +AllPlantsUp

+4.5 ◦C
Upslope Migration with all Tussock
Grass None +TussockUp

Table 4.3: Description of the four cases of change in climate, glacier, and vegetation.

4.5 Results and Discussion

By comparing the simulated scenarios of temperature, glacier, and vegetation change

with the “Base case”, we evaluated both individual and combined impacts of these

changes on the hydrology of the watershed. Our assessment focused on simulated re-

sponses in stream discharge and evapotranspiration in the watershed.

4.5.1 Stream Discharge

Stream discharge and groundwater flux in Gavilan Machay are highly sensitive to

changes in precipitation and glacier meltwater input to the watershed. Assuming no

changes in precipitation or vegetation, simulated stream discharge was reduced by 58%

from the Base case when glacier melt was removed and temperature was increased by
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Figure 4.6: Schematic illustration of the vegetation and glacier cover under the a) Base
case, b) NoGlacier+T scenario, c) +AllPlantsUp Scenario, and d) +TussockUp scenario.

4.5 ◦C. The glacier removal alone led to a 52% reduction in stream discharge (Saberi

et al., 2019, 2020), while the additional 4.5 ◦C warming and associated increase in ET

only added on a further reduction of 6% from the Base case. This result indicates

that an increase in temperature without expansion of vegetation will not significantly

impact ET and the overall water budget. Adding upslope migration of vegetation and

tussock grass encroachment to the glacier melt removal and 4.5 ◦C warming reduced

stream discharge by 74% and 78% relative to the Base case [Figure 4.7a and b]. The

additional 16% and 20% further reduction (from the Base case) in stream discharge im-

posed by upslope migration of vegetation and tussock encroachment results in no-flow

or very low-flow conditions, particularly during El Niño months (November-January),

when precipitation is lowest and evapotranspiration is the highest. This poses a major

problem for agrarian communities who depend on this water for irrigation. The compar-

ison of the simulated stream discharge in NoGlacier+∆T and +AllPlantsUp scenarios

highlights the importance of including changes in vegetation in addition to increase in

temperature in future water availability predictions.

It has been previously noted in the Sierra Nevada Mountains (California) that the
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Figure 4.7: (a) weekly moving average time series of simulated stream discharge. The
blue line represents the scenario with melt, black line the scenario without glacial melt,
light green the scenario with all plants shifting upslope, and dark green the scenario with
tussock encroachment. (b) Percent changes of stream discharge compared to Base case
for the scenario without glacial melt in black, scenario with all plants shifting upslope
in light green, and the scenario with tussock encroachment in dark green.

hydrological impacts of climate change on mountain slopes have been underestimated

when changes in vegetation are not represented (Goulden & Bales, 2014). In modeling

studies in the Sierra Nevada Mountains (which is not glacierized), ET was predicted to

increase by only 5% with a 4.1 ◦C increase in temperature when the plant distribution

was expected to remain static (Miller et al., 2003), and this ET increase dramatically rose

to 28% when upslope vegetation migration was also considered, leading to a notable 26%

reduction in stream discharge relative to current conditions (Goulden & Bales, 2014).

We saw a similar trend with even greater changes in our simulations in Gavilan Machay.

Comparing against a scenario with no glaciers and current temperatures (like the Sierra

Nevada case), a 4.5 ◦C increase in temperature results in 21% higher ET and 6% lower

stream discharge for constant vegetation, and adding upslope migration of vegetation

leads to 47% higher ET and 22% lower stream discharge. Our analysis shows that the

vulnerability of montane hydrologic systems to upslope migration of vegetation and

increase in temperature, which was previously noted for the Sierra Nevada Mountains,

may extend to other regions of the world.

The relatively minor hydrological impact of tussock grass encroachment compared
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to the scenario of all plants shifting upslope in Gavilan Machay was somewhat unex-

pected, given previous studies in North America that found that woody plant encroach-

ment may have a substantial impact on ET (e.g., 30% increase in the Chihuahuan

Desert, Schreiner-McGraw et al. (2020)) and stream discharge (e.g., 27% decrease in

the Northern Canadian River Basin, Starks & Moriasi (2017)). In the case of woody

plant encroachment, substantial increases in T/ET are expected when woody plants

replace more shallow-rooted plants with smaller leaf areas, and specifically in places

with large subsurface flows to streams, this would significantly decrease stream dis-

charge (Huxman et al., 2005). In Gavilan Machay, the simulated effect of tussock grass

encroachment is likely more subtle, because the difference in rooting depth with the

smaller-statured plants it replaces is small (<30 cm difference, see Table 4.2) compared

to the rooting depth differences with woody plant encroachment (Knoop & Walker,

1985). However, as further discussed below, our results depend strongly on the model

parameterizations of ET, and while we formulated new PFT classifications based on

in situ surveys and páramo literature descriptions (Section 4.4.2.2), it is possible that

they do not fully capture unique physiological characteristics of páramo plants. Fur-

ther work to develop parameters for individual páramo PFTs may lead to improved

constraints on the ecohydrological effects of upslope vegetation migration and tussock

grass encroachment.

Further model tests indicate that the notable predicted decrease in discharge in

Gavilan Machay with upslope vegetation migration occurs only in combination with a

temperature increase. Simulations with the cooler Base case temperatures show a sharp

decline in ET above ∼4600 m a.s.l., even when plants are shifted upslope to ∼5400 m

a.s.l. (Appendix C, Figure C1), and this corresponds to a temperature limitation on

plant stomatal conductance (Eq 4.6) at these cold, upper elevations. In fact, No-Glacier

model test shows that without the temperature increase, upslope migration of vegeta-

tion would only generate a 7% increase in ET and 4% reduction in stream discharge,

compared to the 22% decrease in stream discharge seen for the case of upslope vege-

tation migration plus temperature increase. This findings demonstrates the interacting

effect of climate and vegetation on hydrology and underscores the importance of consid-

ering both simultaneously. Our results also agree with a couple of modeling studies in

temperate and boreal mountain watersheds in North America, which indicated that ET
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and stream discharge would be relatively insensitive to upslope migration of vegetation

without an increase in temperature at higher elevations (Goulden & Bales, 2014; Ra-

souli et al., 2019). Our work demonstrates that temperature limitations seen in higher

latitude climates can also be relevant at high elevations in the tropics.

4.5.2 Changes in Evapotranspiration

Evaluating the changes in ET enables us to understand the different stream discharge

responses among the scenarios. Our model simulations indicate that with just the

removal of glacier melt and 4.5 ◦C warming, total ET increases by 25%, despite less

water inputs to the watershed. After the upslope shift of all plant types and with

tussock encroachment, total ET further increases to 43% and 46% more than the Base

case. The 25% increase in total ET from the Base case to NoGlacier+∆T scenario

is due to the 4.5 ◦C increase in temperature, while the >40% increase in ET for the

two vegetation migration scenarios reflects the effect of both warming and vegetation

expansion, as described above.

Total ET in the model comprises three components: soil evaporation, canopy evap-

oration, and canopy transpiration. The response of total ET to changes in tempera-

ture and vegetation distribution and composition can be understood by examining the

changes to each of the different components, because these show different responses

among the scenarios.

The 25% increase in total ET in the NoGlacier+∆T scenario occurs primarily due to

increase in canopy transpiration (84%) and soil evaporation (21%) compared to the Base

case (Figure ET-Components a). Canopy evaporation remains essentially unchanged in

the NoGlacier+∆T scenario compared to the Base case, which is due to lower sensitivity

of canopy evaporation to temperature (Eq. 4.2) relative to canopy transpiration (Eq

4.4) and soil evaporation (Eq 4.1). The strong temperature dependence of canopy

transpiration, which comprised the largest part of the ET change, is due to the quadratic

reliance of canopy resistance on temperature (Eq. 4.9). It was less expected that

soil evaporation showed more sensitivity to temperature than canopy evaporation in

the NoGlacier+∆T scenario. This was likely because soil evaporation dominates in

the upper watershed above the vegetation line, where the colder temperatures more
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significantly reduce potential evaporation due to nonlinear relationships in the Penman-

Monteith equation.
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Figure 4.8: (a) Bar plots of proportional contribution of different components of total
ET including canopy transpiration, canopy evaporation, and soil evaporation for Base,
NoGlacier+∆T, +AllPlantsUp, and +TussockUp scenarios and (b) percent changes of
total evapotranspiration, canopy transpiration, canopy evaporation, and soil evapora-
tion relative to for NoGlacier+∆T, +AllPlantsUp, and +TussockUp scenarios.

Comparison of ET for the two upslope vegetation migration scenarios versus ET

for the NoGlacier+∆T scenario can demonstrate the effect of the 75% expansion in

vegetation cover (from 41% to 72% of the total watershed, considering the area below

the vegetation line). The +AllPlantsUp scenario yielded a 14% increase in total evapo-

transpiration compared to the NoGlacier+∆T scenario, indicating that the ET change

is considerably lower than proportional to the vegetation cover change. This can be

explained by examining changes in the three components of ET. For +AllPlantsUp,

canopy transpiration and canopy evaporation increase respectively by 96% and 68%
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relative to NoGlacier+∆T, which is much more commensurate with the 75% expansion

in vegetation coverage. (Note that the somewhat higher canopy transpiration – 96%

increases versus 75% expansion – results from the expansion of deeper rooted plants

even without full tussock encroachment, while the somewhat lower canopy evaporation

– 68% versus 75% – results from the lower water availability at higher elevations to

where the vegetation is expanding.) However, the relative change in total ET with

+AllPlantsUp (14%) is so much lower than the 75% vegetation expansion, because soil

evaporation decreases notably from the NoGlacier+∆T scenario. With the increase in

vegetation cover as plants migrate upslope, the bare ground area decreases, leading to a

43% lower soil evaporation in the +AllPlantsUp scenario, compared to NoGlacier+∆T

scenario (Figure 4.8a and b).

This counteracting effect of decreased soil evaporation and increased canopy tran-

spiration and evaporation can also be seen when comparing the scenario with tussock

encroachment with the scenario of all plant types shifting upslope. Because of its deeper

roots and other physiological differences (Table 4.2), when tussock grass encroaches into

the areas with Upper Páramo plant forms, there is notably greater canopy transpiration

and canopy evaporation compared to +AllPlantsUp (increases of 10% and 9%, respec-

tively). However, higher ground surface coverage of tussock grass compared to other

plants found in the watershed results in greater shading and a sizable reduction in soil

evaporation of 18% compared to the +AllPlantsUp scenario (SHDFAC in Table 4.2).

As a result, despite the greater canopy ET components, +TussockUp has only a very

small 3% higher total ET than +AllPlantsUp.

Studies in arid to semi-arid parts of the southwest US (Schlesinger et al., 1990) have

also noted a decrease in soil evaporation with the increased shading under expanded

vegetation cover. In fact, in the cases of woody plant encroachment into grasslands, the

deeper-rooted woody plants also have greater leaf areas compared with grasses, and the

shading-induced reduction in soil evaporation has been found to lessen the hydrological

response to woody encroachment (Huxman et al., 2005).

Overall, despite the counteracting effects among ET components, our simulations

show that as long as temperature is sufficiently warm at Gavilan Machay, total ET and

stream discharge can nonetheless be appreciably influenced by the upslope migration

of vegetation, although the additional impact by tussock grass encroachment is very
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small. The simulated increases in canopy transpiration plus evaporation with upslope

shift of all plant types is responsible for a 16% decrease in stream discharge relative to

the NoGlacier+∆T scenario (Figure 4.7), and this slightly increases to 20% for the case

of tussock grass encroachment.

It is important to note that our interpretations are highly dependent on whether

individual ET components are correctly simulated in the model. ET model results can

be affected by uncertainties in the climate inputs used for their calculations (including

temperature, solar radiation, precipitation, wind, and relative humidity), as well as un-

certainties in the ET parameterization equations summarized in Section 4.4.1. Climate

forcings are highly variable along steep altitudinal gradients such as in Gavilan Machay.

The precipitation and temperature lapse rates for the watershed were estimated using

the limited available data at this remote site (see Saberi et al. (2019) for details), which

may not fully capture the spatial variability of meteorological conditions in the water-

shed. Additionally, solar radiation and wind data were obtained from the Global Land

Data Assimilation Systems (GLDAS) (Rodell et al., 2004) and assumed to be constant

over the space. In terms of ET parameterizations, previous studies show considerable

ranges in ET partitioning results among different models, which indicate that model

parameterization can be a major source of uncertainty (Kumar et al., 2018).

Although field validation of our modeled ET components was not possible at our

remote field site, our simulated ET partitioning does fall within observed ranges of

T/ET in related settings. Our model simulations indicate that soil evaporation is the

major component of total watershed ET in the Base and NoGlacier+∆T scenarios, com-

prising ∼55% of total ET, and this number decreases to 26-20% after plants migrate

upslope (Figure 4.8a). Within the vegetated part of the watershed, the ratio of transpi-

ration to evapotranspiration (T/ET) increases from 36% in the Base case to 52-54% in

all three scenarios with increased temperature (NoGlacier+∆T, +AllPlantsUp, +Tus-

sockUp), making transpiration the major contributor to total evapotranspiration with

the warmer temperatures. Schlesinger and Jasechko (2013) showed based on 84 study

sites across the globe that the ratio of T/ET depends on precipitation, temperature,

and biome, with values varying from 36% in deserts to 84% in tropical rainforests, cov-

ering the range of 36%-54% simulated at Gavilan Machay. Individual ET components

have not previously been measured in páramo settings, but ET partitioning has been
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measured in a warm, tropical montane grassland in Hawaii by Hsieh et al. (1998). They

found that the T/ET ratio along an arid to humid transect ranging from 185 m a.s.l.

(average 180 mm/yr precipitation and 23 ◦C) to 1200 m a.s.l. (average 2500 mm/yr

precipitation and 17 ◦C) varied from 32% to 72%. These results of increasing T/ET

with greater precipitation at higher elevation suggests that there is a plant water lim-

itation at lower elevations. In contrast to the Hawaii site, Gavilan Machay is overall

much cooler (watershed average of 6.8 ◦C in the Base case and 11.3 ◦C in the scenarios

with warming), and as discussed earlier, transpiration here exhibits a temperature lim-

itation under the Base case scenario. However, simulations at Gavilan Machay show a

similar notable increase in T/ET (36% to ∼54%) as in the Hawaii observations (32% to

72%) when the limiting condition becomes relaxed (warming and greater precipitation).

These comparisons with observed ET partitioning provide some confidence that our

simulated ET components at Gavilan Machay correspond to physically reasonable val-

ues and trends. However, our study underscores the importance of understanding and

parameterizing ET partitioning for predicting impacts of temperature and vegetation

change on discharge.

4.6 Conclusions

There is a critical knowledge gap about how climate-driven glacier retreat together with

upslope vegetation migration will impact stream discharge in rapidly warming tropical

mountainous watersheds, and this has crucial implications for local communities who

rely on these watersheds for their water resources. In this study we estimated changes

in vegetation cover due to warming and implemented this with a fully distributed and

integrated watershed model, BioRT-Flux-PIHM, in order to evaluate the ecohydrologic

response of an Ecuadorian tropical glacierized mountainous watershed to glacier and

vegetation cover change under warming temperatures.

Combined removal of glacier melt, upslope migration of vegetation, and a 4.5 ◦C

increase in temperature results in a substantial reduction in simulated stream discharge

by 74% from current conditions, mainly due to an increase in evapotranspiration. Fur-

ther, under this scenario, the model shows that near no-flow conditions can occur in the

stream during drought times, which has dire consequences for local communities living
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nearby the mountain. Underscoring the importance of evaluating interactions among

climate and vegetation, our model tests showed that upslope vegetation shift only has

a notable impact on stream discharge when there are sufficiently warmer conditions,

because otherwise cool temperatures limit transpiration at high elevations. Model sim-

ulations also show that potential encroachment of deeper-rooted tussock grass into the

other upward migrating plant types could slightly exacerbate the situation, causing

an additional 4% decrease in stream discharge. The response of stream discharge to

changes in plant cover and composition is particularly sensitive to ET partitioning.

Model simulations indicate that as plants migrate upslope and cover the bare ground,

canopy evaporation plus transpiration increases; however, soil evaporation reduces due

to shading effects, which somewhat mitigates the impact of vegetation expansion on

water fluxes. Despite this counteracting effect, upslope migration of vegetation and tus-

sock encroachment respectively lead to 16% and 20% lower stream discharge compared

to the case where only glacier retreat under warming conditions are considered.

It is important to note that our results and estimates strongly depend on ET simu-

lations, which are highly sensitive to climate inputs and vegetation parameterizations.

A more robust and accurate estimate of ET and its components require high resolu-

tion measurements of meteorological forcings across space and time, particularly in a

watershed with a steep topographic gradient such as Gavilan Machay. Another fac-

tor controlling ET estimations is the vegetation parameterization in the model. Even

though we established new PFTs for different páramo classes across the watershed, it is

likely that the parameter values and/or parameterization structures do not fully capture

the unique characteristics of páramo species. Our work calls for further investigation

on ET estimates in páramo environments, which include unique plant forms that may

have different physiological characteristics than many other plant types globally, as well

as highly variable meteorological conditions over steep topographic gradients.
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Chapter 5

Conclusions and Future Research

Directions

Due to difficult access and data sparsity in tropical glacierized watersheds, there is a

critical knowledge gap about their hydrological and hydrochemical response to rapid

glacier retreat and upslope migration of vegetation under climate change. This re-

search addressed these challenges using a recently developed integrated watershed model

with reactive transport, BioRT-Flux-PIHM, which represents interactions among sur-

face energy fluxes, surface and subsurface hydrology, solute movement, and geochemical

reactions (Qu & Duffy, 2007; Bao et al., 2017; Shi et al., 2013; Zhi et al., 2020). Imple-

mentation of BioRT-Flux-PIHM enabled us to extend available observations in order to

evaluate the hydrological and hydrochemical response of a tropical glacierized mountain-

ous watershed in the Ecuadorian Andes to combined climate and vegetation changes.

Calibrated to hydrochemical and discharge measurements from a sub-humid watershed

on Volcán Chimborazo, the model provides one of the first results for the following:

estimate of glacier melt contributions to stream discharge via groundwater pathways,

examination of ecohydrolgical impacts of vegetation shift in a tropical glacierized wa-

tershed, and continuous solute concentration-stream discharge (C-Q) relationships in a

tropical glacierized watershed.

We found through simulations that at our sub-humid study watershed, Gavilan

Machay, glacier melt contributes an annual average of ∼50% of discharge. Most melt
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contributions to discharge occurred through surface runoff in the model, but some melt-

water recharged to groundwater, helping to support a relatively steady groundwater

discharge to the stream that is about 37% greater with glacier melt than without glacier

melt.

Upslope migration of vegetation under warmer temperatures can further exacerbate

decreases in stream discharge after glaciers retreat. Our model simulations indicate that

upslope migration of all vegetation types, along with 4.5 ◦C increase in temperature,

leads to 43% higher evapotranspiration (ET) and 74% lower stream discharge compared

to current conditions. Upslope migration of vegetation with tussock grass encroachment

only further increases ET by 3% and reduces streamflow by another 4% relative to the

scenario with all plant types shifting upslope, indicating that changing plant type dis-

tributions in páramo settings may not be as hydrologically impactful as observed in

temperate grasslands experiencing woody plant encroachment. Demonstrating the need

to consider the interacting effects of vegetation and climate change, model simulations

indicate the reduction in streamflow under vegetation expansion is dependent on suf-

ficiently warmer temperatures, because otherwise there is a temperature limitation on

plant transpiration at high elevations. Additionally, changes in stream discharge caused

by upslope migration of vegetation and tussock encroachment is highly sensitive to ET

partitioning. Model simulations show that as plants migrate upslope, canopy evapo-

transpiration increases; however, the vegetation cover at the same time reduces soil

evaporation, and this counteracting effect mitigates the impact of vegetation expansion

on water resources.

Further, our results when considering reactive transport indicate that the stream

outlet concentration (C) and discharge (Q) pattern in the Gavilan Machay watershed

comprises a mostly chemostatic graph (concentration stays mostly stable with changing

discharge), imposed by melt-driven dilution events. The chemostatic background was

attributed to the large contribution of groundwater to streamflow (78%), which collects

solutes as it moves through weatherable volcanic soils and fractured volcanic bedrock

and is high in part because of the notable fraction (37%) consisting of infiltrated ice-

melt. During ice-melt events, the high contribution of low-concentration surface runoff,

especially during melt events coinciding with large precipitation peaks, was the main

driver of dilution events at the watershed outlet.
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Our results suggest that attenuating ice-melt inputs will decrease groundwater stor-

age and stream discharge, and thus lower weathering and solute export rates. While

these changes may allow for a more chemostatic behavior with higher concentrations of

solutes such as Na+, Mg2+, and Ca2+, the overall decrease in solute export (by 23% in

the model scenario without ice-melt and 44% after plants migrate upslope) will limit the

delivery of solutes to downstream areas in the Amazon Basin, which could have crucial

implications for downstream ecological productivity, considering the role of these solutes

as plants macro- and micronutrients.

Future Research Directions

To further understand the impact of climate change and upslope migration of vegeta-

tion on Volcán Chimborazo’s water availability and solute export rate, there are several

areas where additional research is needed. So far, our tests have covered only one simula-

tion year due to the lack of available in-situ climate observations. This greatly limits our

ability to assess hydrological and hydrochemical processes under conditions outside of

the drier- and warmer-than-usual year captured in our simulations, and it prevents any

evaluation of interannual variability. Simulations over a longer historical time period

can be possible through meteorological reconstructions that build off different regional

meteorological stations and coarse-scale global remote sensing products.

Another important need is to incorporate General Circulation Model (GCM) climate

projection scenarios to extend beyond the simple no-glacier step warming tests that we

explored thus far. Not only would GCM inputs make it possible to consider changes

in other climate variables, such as precipitation and humidity, but we would also be

able to generate transient hydrological and hydrochemical predictions with the model

as glaciers retreat. With full meteorological inputs, transient glacier conditions can be

simulated with the new Glacier-Flux-PIHM model, which was recently developed with

collaborators (L. Li and Y. Shi, Penn State) to simulate glacier melt using an energy

balance approach.

To enhance our understanding on the rate at which vegetation shifts upslope at

Volcán Chimborazo, there is a need for a more comprehensive analysis of historical

satellite imagery in order to delineate the historical vegetation changes. For example,

comparing more recent high resolution imagery (e.g., using a drone) with a historical
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Landsat image from 1980 would further serve to test and constrain our current estimate

of vegetation response to climate change, which is based on a 1978 land-cover map

developed through surveys by the Ecuadorian government. This will enable us to fully

understand the response of vegetation to changes in climate, which will lead into more

accurate predictions of the response of vegetation in Gavilan Machay watershed to

climate change in the future.

Gaps also remain in our understanding about the subsurface hydrogeology, which

we know from outcrops to include both heterogeneous moraine sediments and fractured

volcanic bedrock, but until now we have only indirectly inferred their bulk properties

from tracer data. Incorporating geophysical methods such as Ground Penetrating Radar

(GPR) would allow us to potentially constrain water table depths or other subsurface

characteristics to help us more accurately simulate groundwater flow.

Further, extending the study to cover other tropical glacierized watersheds in the

Andes can allow us to assess whether findings at Gavilan Machay apply more generally.

It can also enable us to upscale results to determine regional hydrochemical impacts of

changing glacierized Andean watersheds - which we hypothesize serve as hotspot sources

of solutes and nutrients - on the Amazon basin ecosystem.

Lastly, considering the urgent implications that changing glacierized watersheds have

on water resources, our nascent interactions with local Indigenous communities around

Chimborazo could be further developed, with guidance from our Ecuadorian university

collaborators. Good communication with local agrarian communities can ensure that

our findings are useful for water resource planning for irrigation. Further, a strong

collaboration can improve our models by adding important knowledge about environ-

mental conditions (including land-use changes), which we struggle to observe at these

remote locations.
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Llerena, C. A., Acosta, L., Villazón, M., Guallpa, M., Gil-Ŕıos, J., Fuentes, P., Olaya,
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Appendix A

Supplemental Materials:

Multi-scale temporal variability

in meltwater contributions in a

tropical glacierized watershed

A.1 Figures
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Figure A1: Comparison of average weekly discharge (m3/s) at Gavilan Machay and
rainfall (mm/hr) at Boca Toma. Vertical black dashed lines indicate weeks where sam-
pling occurred. Despite gaps in data, it can be seen that precipitation was higher in the
time surrounding the 2015 sampling campaign than in the times surrounding the other
campaigns.

Figure A2: The reach and confluences cells relative to a stream system.
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Figure A3: The concentrations of anions and cations across the different sampling
periods.
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Figure A4: Bivariate diagrams of tracers selected for January 2012 analysis. The solid
black lines represent linear regressions through all samples and dashed black lines in-
dicated the regressions’ 95% confidence intervals. Samples from the main Rio Mocha
channel before and after the Gavilan stream joins it (filled green circles) consistently
plot outside or away from the mixing line created between groundwater and meltwa-
ter. MOCH-S7 was not considered in the analysis (shown with hallow square). These
samples are also responsible for the poor R2 and p-values of sulfate and chloride.
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Figure A5: Bivariate diagrams of tracers selected for July 2012 analysis. The solid black
lines represent linear regressions through all samples and dashed black lines indicated
the regressions’ 95% confidence intervals. Samples from the main Rio Mocha channel
before and after the Gavilan stream joins it (filled green circles) consistently plot outside
or away from the mixing line created between groundwater and meltwater. MOCH-S7
was not considered in the analysis (shown with hollow square). These samples are also
responsible for the poor R2 and p-values of sulfate and chloride.
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Figure A6: Bivariate diagrams of tracers selected for June 2015 analysis. The solid black
lines represent linear regressions through all samples and dashed black lines indicated
the regressions’ 95% confidence intervals. Samples from the main Rio Mocha channel
before and after the Gavilan stream joins it (filled green circles) consistently plot outside
or away from the mixing line created between groundwater and meltwater. MOCH-S7
was not considered in the analysis (shown with hallow square). These samples are also
responsible for the poor R2 and p-values of sulfate and chloride.
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Figure A7: Bivariate diagrams of tracers selected for June 2016 analysis. The solid black
lines represent linear regressions through all samples and dashed black lines indicated
the regressions’ 95% confidence intervals. Samples from the main Rio Mocha channel
before and after the Gavilan stream joins it (filled green circles) consistently plot outside
or away from the mixing line created between groundwater and meltwater. MOCH-S7
was not considered in the analysis (shown with hallow square). These samples are also
responsible for the poor R2 and p-values of sulfate and chloride.
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Figure A8: Bivariate diagrams of tracers selected for February 2017 analysis. The
solid black lines represent linear regressions through all samples and dashed black lines
indicated the regressions’ 95% confidence intervals. Samples from the main Rio Mocha
channel before and after the Gavilan stream joins it (filled green circles) consistently
plot outside or away from the mixing line created between groundwater and meltwater.
MOCH-S7 was not considered in the analysis (shown with hallow square). These samples
are also responsible for the poor R2 and p-values of sulfate and chloride.
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Figure A9: Hierarchical cluster analysis dendrograms for tracers used in HCBM for
January 2012, July 2012, June 2015, June 2016, and February 2017. Sample group-
ing verifies effectiveness of selected tracers in distinguishing between source waters, as
groundwater samples (GW) cluster separately from melt water (Melt) samples. GW-7
is considered an outlier, and is suspected to be a mixed source sample or to originate
from a unique geology.
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(a)

(b)

Figure A10: Power spectral density of (a)discharge and temperature, (b) discharge and
precipitation
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(a)

(b)

Figure A11: Cross-correlation of (a)hourly discharge and precipitation, (b) weekly
discharge and temperature
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Figure A12: Calculated absolute groundwater discharge versus percentage of total wa-
tershed area drained for Gavilan Machay subcatchment (McLaughlin, 2017).
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A.2 Hydrochemical Basin Characterization Model (HBCM)

The following set of mass-balance equations for J tracers applies to each HBCM cell:

Ctotj =

∑I
i=1(Ci,j ∗Qi) + εj

Qtot
(A1)

Where:

j: index for a specific natural tracer, 1 through J

i: index for a specific source to the cell (ice, tributary, or groundwater), 1 through I

Ctotj : concentration of tracer j at the cell outlet

Ci,j : concentration of tracer j in source i

Qtot: Total discharge at cell outlet

Qi: Contribution to discharge from source i

εj : residual error between the observed and predicted concentration flux out of the cell

for tracer j

HBCM solves for the unknown relative contributions of each source (Qi/Qtot) by mini-

mizing the sum of the residual errors:

J∑
j=1

εj (A2)

In order to over-constrain the problem, the model requires J = I tracers and, preferably,

J > I tracers should be utilized in order to avoid the possibility of correlated tracers that

do not independently constrain the problem. HBCM checks that a tracer is conservative

within each cell via three tests:

1. A tracer value in a cell outflow cannot be outside the range bracketed by the

possible contributors;

2. The tracer value at the cell outflow, along with that of at least one input compo-

nent, must be greater than the detection limit of the analytical methods (confirmed

by user); and

3. There must be a minimum 5% difference between the concentration of a tracer

from each source.

If any of these requirements is not met, HBCM will reject the tracer for use in the cell.
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A.3 Tables

Observed Flux-PIHM pedotransfer function results

Sand (%mass) Silt (%mass) Clay (%mass) OC (%mass) KINF (m/s) KSATV (m/s) KSATH (m/s) SMCMAX (-) SMCMIN (-) ALPHA (1/m) BETA (-)

Podwojewski et al.
2002, Pantano 60-80

26 41 8 12 4.52E-07 6.44E-07 6.44E-06 0.479 0.05 1.908 1.157

Patano 80-95+ 33 39 14 8 1.47E-06 1.58E-06 1.58E-05 0.481 0.05 3.491 1.136

Humid páramo 0-15 26 44 7 10 6.24E-07 1.03E-06 1.03E-05 0.48 0.05 2.267 1.173

Humid páramo 15-30 32 41 8 7 1.51E-05 6.76E-06 3.05E-05 0.418 0.05 5.34 1.26

Dry páramo 0-15 30 43 8 7 8.28E-05 3.71E-05 6.96E-05 0.493 0.05 5.82 1.22

Dry páramo 15-30 35 33 20 5 8.28E-05 3.71E-05 6.96E-05 0.493 0.05 5.82 1.22

Minaya (2016), Low Elev. 20.28 31.98 6.24 22 3.71E-08 8.42E-08 8.42E-07 0.482 0.05 0.327 1.144

Minaya (2016), Middle Elev. 26.07 30.81 11.06 21 6.13E-08 1.03E-07 1.03E-06 0.479 0.05 0.466 1.124

Minaya (2016), Highest Elev. 23.4 39.6 6.3 10 4.28E-07 1.70E-07 1.70E-06 0.465 0.05 1.442 1.1

Table A1: Páramo soil measurments applied into pedotransfer functions (Podwojewski
et al., 2002; Minaya, 2016)
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Appendix B

Supplemental Materials:

Spatiotemporal Drivers of

Hydrochemical Variability in a

Tropical Glacierized Watershed

in the Andes

B.1 Introduction

The supporting information below includes text, tables, and figures that provide addi-

tional details on the methods used for the paper and other results related to the main

points in the text. This includes more information on XRD analysis, model calibration,

and supporting interpretations.

B.2 XRD and Grain Size Analysis of Soil Samples

In addition to soil samples S-1, S-2, and S-3, which were collected over a single shallow

depth interval, an additional deeper profile was augered at a fourth location, S-4 (located

just downgradient of S-3, outside of Gavilan Machay), where the soil auger did not hit
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refusal on shallow cobbles. At S-4, two separate depth intervals were analyzed: 3-20 cm

and 20-40 cm. The XRD analyses at the two different depths suggest that the vertical

soil structure may be fairly homogeneous (Table B1). We assume that this could be

representative of the watershed mineralogy.

Mineral Chemical Formula S-4 at Depth 3-20 cm S-4 at Depth 20-40 cm
Albite Na(AlSi3O8) X X

Anorthite Ca(Al2Si2O8) X X
Diopside Ca(Mg,Al)(Si,Al)2O6 X X
Sanidine K(Si3Al)O8 X

Table B1: Soil Mineralogy of sample S-4 at depth 3-5 and 20cm at Volcán Chimborazo.

To further investigate the soil texture of the watershed, approximately 50g of each

bulk soil sample was dry-sieved by hand. We conducted grain size analysis and found

8.5% and 18% of the bulk samples collected from approximate 4-25 cm depth intervals at

3800 m a.s.l. and 4500 m a.s.l., respectively, were clay- and silt-sized particles (smaller

than 63 µm diameter). These estimates are consistent with previous soil studies on

Chimborazo. Podwojewski et al. (2002) showed that shallow soil samples at 3800-4200

m a.s.l. on the drier northwestern flank of Chimborazo contain an average of 8.5%

clay. Bartoli et al. (2007) found a slightly higher amount of 23% organo-mineral clay

at 3800 m a.s.l. using a larger 2 mm diameter definition. It is possible the fine fraction

in our samples also contains organo-mineral clays that were resistant to our hydrogen

peroxide treatment, as well as minerals with a poor crystalline structure. Bartoli et al.

(2007) characterized the Chimborazo’s soils as aluandic andosols, which are regarded as

non-allophanic andosol predominantly composed of aluminum complexed with organic

matter (Takahashi & Shoji, 2002).

B.3 PHREEQC Model Simulations and Results

The measured major ion concentrations in groundwater (Table 3.2 in the main text)

were used to evaluate the saturation index (SI) of the dominant minerals (albite and
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diopside) found through XRD as well as common clay and secondary minerals (kaolin-

ite, halloysite, and gibbsite) that can potentially precipitate following silicate mineral

weathering. Saturation index of each mineral is calculated as follows:

SI = log(
IAP

Keq
) (B1)

where IAP is the ion activity product of the dissolved ions of the mineral (Table 3.3

in the main text) and Keq is the solubility product. SI is negative when the solution is

under-saturated (if the mineral is present, it can dissolve), it is zero when the mineral

and solution are at chemical equilibrium, and it is positive when the solution is over-

saturated (precipitation can occur to form the respective mineral). Table B2 shows the

SI values for kaolinite, halloysite, gibbsite, albite, and diopside at different locations in

the watershed, calculated by PHREEQC Parkhurst et al. (1999).

Mineral Location Saturation Index (SI)

Kaolinite
GW-1 -0.98
GW-2 -0.13

Hallyosite
GW-1 -1.34
GW-2 -0.65

Gibbsite
GW-1 -0.25
GW-2 -0.09

Albite
GW-1 -11.5
GW-2 -9.53

Diopside
GW-1 -2.04
GW-2 -1.61

Table B2: Kaolinite, hallyosite, gibbsite, albite, and diopside saturation indexes (SI)
calculated using the PHREEQC model. Sampling locations are shown in Figure 2a.

The SI values presented in Table B2 shows that the solution is undersaturated with

respect to albite and diopside, such that dissolution can occur. Results further show

that the solution is undersaturated with respect to kaolinite, gibbsite, and halloysite,

indicating they have not yet begun to precipitate - though they may be close at GW-2,

near the outlet).

159



B.4 Model Calibration With Hydrochemical Constraints

The implementation of BioRT-Flux-PIHM enables us to constrain flow pathways us-

ing both hydrological and hydrochemical data, through coupling of hydrological, land-

surface, and reactive transport processes. Integrating solute and tracers concentrations

into the calibration reduces the uncertainty associated with hydraulic parameter esti-

mates and the streamflow partitioning Schilling et al. (2019). Constraining the model

simulations with observed hydrochemical concentrations in addition to stream discharge

resulted in lower calibrated porosity and van Genuchten parameters than those obtained

via calibration without hydrochemical constraints in saberi2019 (Table B3). saberi2019

calibrated the model to solely discharge observations, and hydrochemical data were

only indirectly considered through comparison of model simulations with coarse-scale

estimates of melt and groundwater contributions from a simple hydrochemical mixing

model.

KINFV
(m/s)

KSATV
(m/s)

KSATH
(m/s)

Porosity α (1/m) β (-)

W/o W W/o W W/o W W/o W W/o W W/o W

Ice-covered 2.07E-7 1.64E-7 4.56E-8 5.36E-8 6.71E-7 7.56E-7 0.461 0.296 0.863 0.412 1.06 1.038
Sparsely

Vegetated
1.43E-7 1.74E-7 4.63E-8 4.85E-8 4.63E-7 5.85E-7 0.459 0.296 0.585 0.437 1.063 1.038

Grassland 1.23E-7 1.87E-7 4.02E-8 5.27E-8 4.02E-7 5.27E-7 0.493 0.297 0.488 0.469 1.066 1.039

Table B3: Calibrated parameters with hydrochemical constraints (this study) (”W/”)
and without hydrochemical constraints Saberi et al. (2019) (”W/o”). Parameters
include hydraulic conductivities for vertical infiltration (KINFV), vertical saturated
flow (KSATV), horizontal saturated flow (KSATH), porosity, residual soil moisture,
and shape parameters (α and β) for the van Genuchten moisture retention curve:

θ = θres + porosity ×
(

1
1+|αψ|β

)(1− 1
β

)
, with water content θ and pressure head ψ.

Although the estimated ice-melt contribution to discharge remained unchanged

( 52%), direct model calibration to hydrochemical data provided a stronger constraint on

melt-groundwater interactions. The estimate of discharge originating from meltwater-

fed groundwater that first infiltrates and travels as groundwater before flowing to

streams changed from a highly uncertain 16% to a much better constrained 37% af-

ter calibrating the model on hydrochemical observations (Figure B1 a). The percent

melt contribution to the groundwater is estimated using simulation scenarios with and
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without ice melt:

%Melt in Groundwater =
(GroundwaterWithIcemelt −GroundwaterWithoutIcemelt)

GroundwaterWithIcemelt
×100

(B2)

where GroundwaterWithIcemelt and GroundwaterWithoutIcemelt is the lateral groundwa-

ter flow to the stream in scenarios with and without ice-melt, respectively. Simulations

show that as the temperature increases during the El Niño event, the ice melt contri-

bution to the groundwater increases, with some time lag (Figure B1).
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Figure B1: Temporal variability over the watershed of (a) the percentage of groundwater
that constitutes ice melt, with the calibration uncertainty in green shading; (b) average
air temperature over the ablation zone (glacier-covered areas below the ELA (5050 m
a.s.l.)) and simulated glacier melt production. The yellow box highlights the time period
during which an El Niño event occurred over the watershed. The x-labels indicate the
start of the corresponding month.

B.5 Model Calibration using Monte Carlo Simulations

Input parameters included in the model calibration are shown in Table B4 along with

the range of literature values from Andean and other volcanic sites, the standard devia-

tion of values found in literature, pre-calibration nominal values for the parameters, the
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pre-calibration range of values for the Monte Carlo runs, the calibrated parameter value,

and the calibration uncertainty range. Pre-calibration nominal values for soil hydraulic

properties were set to measurements from Chimborazo presented in Podwojewski2002,

and pre-calibration nominal values for mineral SSA values were first manually tested

within the literature range for computational efficiency. The pre-calibration range was

set to the pre-calibration nominal value ± the literature-based standard deviation. Uni-

formly distributed parameters were drawn using Latin Hypercube sampling from the

pre-calibration range for the Monte Carlo runs.

Input
Parameter

Range
Found

in
Literature

Literature
StdDev

Literature
References

Pre-Calib
Nominal
Value

Pre-Calib
Range

Assigned

Calibrated
Value

Calibration
Uncertainty

Range

Horizontal
Hydraulic

Conductivity
(m/day)

0.009 to 6.015 2.24
Podwojewski et al., 2002

Minaya, 2016
Celleri and Feyen, 2009

Grass=0.89
Bare-Soil=0.83

Ice-covered=0.77
0.009 to 3.13

Grass=0.045
Bare-Soil=0.042

Ice-covered=0.039
0.02 to 0.6

Vertical
Hydraulic

Conductivity
(m/day)

0.0009 to 3.2 1.36
Podwojewski et al., 2002

Minaya, 2016

Grass=0.0089
Bare-Soil=0.0087

Ice-covered=0.0077
0.0009 to 1.46

Grass=0.0045
Bare-Soil=0.0042

Ice-covered=0.0039
0.0009 to 0.24

Porosity 0.25 to 0.8 0.13
Podwojewski et al., 2002

Minaya, 2016
Shoji et al., 1993

0.38 0.25 to 0.51 0.3 0.25 to 0.42

α 0.3 to 5.82 2.2
Podwojewski et al., 2002

Minaya, 2016
Montzka et al., 2017

Grass=2.26
Bare-Soil=2.08

Ice-covered=1.97
0.3 to 4.47

Grass=0.47
Bare-Soil=0.43

Ice-covered=0.41
0.3 to 1.2

β 0.8 to 4.3 0.96
Podwojewski et al., 2002

Minaya, 2016
Montzka et al., 2017

1.173 0.9 to 2.12 1.04 0.9 to 1.5

Albite SSA
(m2/g)

0.02 to 1.09 – Brantley, 2008 0.07 0.02 to 1.09 0.075 0.02 to 0.5

Diopside SSA
(m2/g)

0.001 to 2.3 – Brantley, 2008 0.07 0.001 to 2.3 0.086 0.001 to 1.5

Table B4: Seven key parameters perturbed for the Monte Carlo runs, the range of
literature values, the standard deviation (StdDev) of literature values, references, the
pre-calibrated nominal value and range, and the calibrated value and uncertainty.

Among the 100 Monte Carlo simulations, we found a unique set of parameters

that minimizes the mismatch between simulations and observations, quantified using

NRSMDave (Equation 3.6 in the main text) (Figure B2). The normalization term s in

Equation 3.6 (in the main text), is often set to the observation uncertainty, which is

typically much larger than instrument errors due to field installation/sampling errors

and representativeness errors between the model and field data. Thus, we used the stan-

dard deviations of each observation type (stream discharge, major ion concentrations in
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the stream, and major ion concentrations in groundwater) as a measure of spread for

the corresponding s. The parameter combination with the lowest NRSMDave value was

used in the final simulation.
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Figure B2: Monte Carlo simulation results with NRMSDave < 1 (equation 3.6), with the
lowest NRMSDave of 0.45 representing the best consistency with observations, and the
set of simulations with NRMSDave < 1 representing the calibration uncertainty. The
axis limits are set to the pre-calibration parameter range for all Monte Carlo simulations
(Table B4) to demonstrate that the calibrated parameter set and uncertainty are well-
constrained by the observations.

From the 100 Monte Carlo simulations, 7 model simulations had NRMSDave < 1,

and these were chosen to represent the calibration uncertainty. The significantly smaller

calibrated uncertainty ranges relative to the pre-calibration range for the Monte Carlo

runs (Figure B2) lend confidence in the final estimates.
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In addition to results for Na+ in the main document (Figure 3.4), the calibrated

concentrations of Ca2+ and Mg2+ at four different sampling points along the stream

(SW-1 to SW-4) are shown in Figure B3. Measured concentrations during June 2015

and June 2016 field campaigns are shown in circle and diamond shapes, respectively.

The shaded area represents the calibration uncertainty accompanying the simulations.
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Figure B3: Simulated Ca2+ and Mg2+ concentrations at four different locations along
the stream compared to measured concentrations from June 2015 and June 2016.
Dashed lines show the uncertainty boundary of the unconstrained Monte-Carlo simula-
tions. Shaded area shows the uncertainty in the calibrated result, which is significantly
reduced from the unconstrained range.
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B.6 Steady-State Mass Balance Equation for Non-reactive

and Reactive Solutes

B.6.1 Non-reactive Solute (Cl−)

A simple mass balance assuming steady-state helps demonstrate the expected relative

controls of infiltration and ET on groundwater concentrations of non-reactive solutes:

Cp × I = Ggw × (I − ET ) (B3)

where Cp is the solute concentration in precipitation and ice-melt (assumed to be uni-

form over the watershed), I is infiltration (I = Precipitation + Melt - Runoff), and Cgw

is the average solute concentration in the saturated and unsaturated zones. Eq. B3

can be rearranged to show the dependence of groundwater concentrations of Cl− on the

ratio of ET to infiltration (higher ET/I results in higher groundwater concentration):

Cgw =
Cp

1− (ETI )
(B4)

B.6.2 Reactive Solutes

The steady-state mass balance equation for reactive solutes is a straightforward exten-

sion of the non-reactive case for Cl− (equations B3 and B4):

Cgw =
(Rr + Cp × I)

I − ET
(B5)

where Rr is the solute release rate through mineral dissolution. It can be seen that with

ET>0, the solute input from mineral dissolution (Rr) is amplified by a factor of 1
(1−ET

I
)

when determining the groundwater concentration.
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Figure B4: (a) The Surface runoff to stream discharge ratio, (b) precipitation, (c) ice
melt input, (d) precipitation plus ice melt. Red dots represent the dilution events at
the outlet (red dots correspond to those shown in Figure 3.8 in the main text). Most of
the red dots occur when there is a melt peak corresponding with a precipitation peak.
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Figure B5: A roadcut showing deposited ash layers on Volcán Chimborazo.
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Appendix C

Supplemental Materials:

Evaluating the Hydrological

Response of a Tropical

Glacierized Mountainous

Watershed to Upslope Vegetation

Migration

C.1 Figures
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Figure C1: Time-averaged simulations of total evapotrasnpiration for AllPlantsUp,
+AllPlantsUp, NoGlacier, and NoGlacier+∆T scenarios. The vegetation line is shown
with red line.
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