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“They Are Drying Out”: Social-Ecological Consequences of Glacier

Recession on Mountain Peatlands in Huascaran National Park, Peru

Mary Harding Polk, PhD

The University of Texas at Austin, 2016

Supervisor: Kenneth R. Young

Ecosystems that are proximal to tropical glaciers, such as mountain peatlands in
Peru’s Huascaran National Park, are experiencing ecological changes caused by glacier
recession. Peatlands are not only affected by biophysical changes, but also by human
behaviors and associated land use decisions that are influenced by changing
environmental conditions. Thus mountain peatlands in Huascaran National Park are
coupled natural human systems. Social-ecological system theory can be used to situate
integrated research questions and methodologies addressing the transformations of
coupled natural human systems. In this dissertation, a social-ecological systems
framework called the Press-Pulse Dynamics model was applied to investigate peatland
transformations related to climate change and land use decisions. Using social-ecological
systems theory necessitates methodological pluralism because reliance on a single
epistemology produces limited new knowledge. In this research, a set of quantitative and
qualitative techniques were implemented to produce an integrated perspective on social-
ecological peatlands. A 23-year spatio-temporal remote sensing analysis of peatlands

showed that the ecosystems are losing area through processes of fragmentation, attrition,
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and isolation. Statistical evidence suggested that loss of glacier area and decreasing
stream discharge are driving factors for peatland area change, but that in the future,
precipitation may become a more dominant factor. Extensive in situ plant surveys
indicated high alpha and beta diversity and that there are likely many more species to be
added to the known peatland flora. VVegetation heterogeneity was explained by the abiotic
factors of elevation, percent organic matter, bulk density, and cation exchange capacity.
A series of ecological oral histories showed that local users of peatlands have observed
spatial and ecological changes over their lifetimes. The observations by local people
corroborated quantitative findings and substantiated the linked biophysical and social
aspects that affect peatlands. Interconnections between social and biophysical processes
in the PPD model suggest that future peatland stewardship responsibilities should be
entrusted to local communities in close collaboration with the national park and non-
governmental organizations who could provide technology transfer support. The
dissertation contributes to and advances geography by innovatively bridging multiple
perspectives through a social-ecological systems model to produce new biophysical and

social knowledge about tropical mountain peatlands that are affected by glacier recession.
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Chapter 1: Introduction

Glacier recession is one of the most visually striking manifestations of climate
change. Ice loss is tangible and can evoke powerful reactions from observers because the
connections between the melting process and a warming planet are intuitive. Melting ice
narratives have cast glaciers as endangered species that are struggling to survive and need
to be saved (Carey 2007). Like threatened iconic and charismatic megafauna that pull on
the heartstrings of the public, charismatic glaciers receive media attention and attract
large international research teams to study causes and consequences of accelerating ice
loss. New eco-tourism marketing strategies promote climate change tours, such as La
Ruta de Cambio Climético in Huaraz, Peru, and offer up-close views of melting ice and
expanding glacier lakes (Figure 1.1). While charismatic glaciers melt and attract
researchers, the media, and tourists, proximal ecosystems that are affected by ice loss
have received scant interest. The cryosphere and contiguous ecosystems are sensitive to
climatic shifts and are undergoing rapid transformations with new no-analog states
emerging (Young 2015). Glaciated tropical mountains such as Peru’s Cordillera Blanca
are relatively well-studied by glaciologists and other related researchers specializing in
the cryosphere. In a complementary way, the changes occurring offer an opportunity to
not only investigate the social and ecological consequences of glacier recession, but also
the opportunity to pose new and innovative research questions contributing to the human

dimensions of global change.



Figure 1.1. Glacier recession in Huascaran National Park. Visitors on the La Ruta de
Cambio Climatica tour visit Pastoruri, a glacier that recently split into two small sections.

Glaciers can be found at the highest elevations of tropical mountains. Below the
icy features, tropical mountain landscapes are a patchwork mosaic where high altitude
peatland ecosystems exist. Peatlands are hybrid terrestrial - aquatic systems where the
accumulation of organic matter exceeds the decomposition rate. Extensive examples of
high altitude peatlands can be found in Peru’s Huascaran National Park (HNP), where

they are commonly called bofedales. Peatlands in HNP are likely to be affected by



climate-induced glacier recession and anthropogenic disturbances, namely grazing of
non-native livestock. A summary of the principal characteristics of HNP peatlands can be
found in Table 1.1. Occurring in flat to gentle slopes in valley bottoms, peatlands are
usually flat and may contain hummocks. Hydrological inputs are varied and the water
table position fluctuates depending on seasonality, with higher water levels during the
wet season and lower levels during the dry season. Plant communities are adapted to
variable water levels and saturated soils and include cushion plants, sedges, rushes,
grasses, asters and Sphagnum moss only occasionally. Soils tend toward high organic
matter content and high acidity. Several abiotic and edaphic factors explain the
organization of plant communities. Both plants and soils are subject to moderate to high
livestock impacts from grazing and trampling by cattle, sheep, and horses.

The focus of this dissertation is on peatlands in HNP as viewed through the lens
of social-ecological system theory. The research is motivated by a desire to apply science
to managing an ecosystem that is experiencing climate-related transitions. The work aims
to inform national park management and other land use decision-makers who lead
conservation planning efforts for HNP. To meet this goal and to fill in gaps about tropical
mountain peatlands affected by receding charismatic glaciers, the dissertation is
organized by three questions:

e How are peatlands changing spatially and what variables drive these
changes?

¢ Which environmental factors account for peatland vegetation
heterogeneity?

e Local communities impact and are impacted by mountain peatlands so
how do they perceive peatland changes?



To address these questions, | designed an innovative mixed method approach built
on extensive in situ data collection, geospatial techniques (GIS, remote sensing, and
spatial statistics), multivariate ecological analysis and semi-structured interviews. The
three research questions and their corresponding methods are situated within a specific
SES model premised on the notion that peatlands in HNP are a coupled natural-human
system. By implementing an SES model using three questions, the integrative geographic
research expands on approaches and topics addressing human-environment interactions.
By testing and expanding on an SES model, the research reveals a richly textured
quantitative and qualitative spatial analysis about tropical mountain peatlands affected by

climate change.



Table 1.1. Typical characteristics of peatlands (bofedales) in Peru’s Huascaran National

Park based on this dissertation research adapted from Squeo et al (2006).
Complete vascular plant taxa can be found in Appendix 1.

Characteristic

Description

Topographic setting

Peatland landform

Hydrology

Water table position

Dominant vegetation

Plant communities

Soil composition

Soil pH

Livestock impact

Abiotic and edaphic
factors

Situated in valley bottoms on flat to gentle slopes;
soligenous (sloped) peatlands also present

Usually flat with a raised center; hummocks sometimes
present

Groundwater, glacier meltwater, sheetflow and
precipitation during the wet season, some stream/river
influence

At or slightly below the surface during the dry season
and above the surface during the wet season

Dominated by Poaceae, Asteraceae, Cyperaceae, and
other species; Sphagnum sp. is absent in quadrats, but
was observed in small (~ 1 m?) isolated patches; refer
to Appendix 1 for vascular plant taxa

Cushion plants, sedges and rushes, sedges and grasses,
asters and sedges

Poorly decomposed Juncaceae peat with organic matter
>46% on average

Acidic, ranging from 3.6 - 5.4
Moderate to high; large herds comprised of horses,
cattle, sheep. Native camelids absent, but some llamas

used for tourism.

Elevation, % organic matter, cation exchange capacity,
bulk density




GEOGRAPHIC THOUGHT AND SOCIAL-ECOLOGICAL SYSTEM THEORY
One of the defining themes of geographic research is human-environment

interactions (De Blij 2012), a line of inquiry that can be traced back to the influential
work of George P. Marsh (Liverman, Yarnal, and Turner 11 2003). As early as 1864,
Marsh observed and documented the role of human agency on the landscape. He
remarked that “the effects of human action on the forms of the earth’s surface could not
always be distinguished from those resulting from geological causes (Marsh 1965, 48).
Marsh’s detailed observations inspired Carl Sauer, William L. Thomas, Billie Lee Turner
I1, and many others to evaluate the role of human agency in shaping the landscape from
various integrative perspectives that join natural and human systems, or biophysical and
social processes (Liverman, Yarnal, and Turner 11 2003). Of particular interest to
geographers are landscape patterns and processes that affect and are affected by
biophysical and social systems and the feedbacks between them (Liu et al. 2007; Turner
I1 2010). Because these systems interact in complex ways and across local, regional, and
global scales, interdisciplinary approaches are advocated in order to better understand
these so-called coupled natural human systems (Baerwald 2010; National Research
Council 2010).

A paradigm closely related to coupled natural human systems is social-ecological
system (SES) theory (Young et al. 2006; Turner 11 2010), a framework that seeks to
understand human dependence on natural resources and ecosystem services and how
ecosystem dynamics influence and are influenced by human activities (Chapin, Folke,
and Kofinas 2009). Much like the coupled natural human system paradigm, SES theory

presumes that humans and the environment are inextricably linked. SES theory embraces



change as a basic feature, implying that humans should manage the environment in a
manner that fosters resilience to change (Chapin, Folke, and Kofinas 2009).

In 2011, Collins and colleagues (2011) published a new representation of SES
theory called Press-Pulse Dynamics (PPD) (Figure 1.2). The goal of the PPD model is to
understand the connections and feedbacks between biophysical and social systems by
analyzing disturbances and related impacts on ecosystem services. Given that change is a
key feature in an SES, it characterizes a system based on two disturbances, press or pulse.
The disturbances are differentiated by temporal qualities. A press is chronic, where many
disturbances occur frequently and constantly, whereas a pulse is a discrete change with
few disturbances occurring infrequently (Smith, Knapp, and Collins 2009). Linking the
biophysical and social templates are disturbances and ecosystem services. Connections
within the system are represented by an arrow and can be tested with one or more
hypotheses. For example, every arrow in Figure 1.2 represents a possible hypothesis or
set of hypotheses. The model is designed to be the foundation for long-term ecological
transdisciplinary research across geographic and institutional scales. It also presumes that
collaboration and interdisciplinary methodologies should enhance the ability to
understand complexity. The framework has many advantages: it is innovative, it operates
on multiple scales, it is sensitive to local needs and values diverse ways of knowing, it
seeks input from all stakeholders, is inclusionary, and endorses local control, and was
designed for long-term ecological research. Finally, it is iterative and hypothesis driven

(Collins et al. 2011).



For much of the 20™ century, disciplinary boundaries generally isolated social
scientists and ecological scientists from one another. Broadly speaking, social scientists
paid little attention to the role of ecosystems and ecologists excluded humans from their
work. But after the 1908s, several subfields emerged that bridged social and ecological
sciences and propelled scholars to shift their perspectives towards coupled natural human
systems (Berkes, Colding, and Folke 2003). According to Berkes and colleagues (2003),
SES frameworks originate in the six uniting subfields: environmental ethics, political
ecology, environmental history, ecological economics, common property, and traditional
ecological knowledge. The reader is directed to Berkes et al. (2003) for descriptions and
examples from each of these subfields.

In addition to the subfields noted by Berkes et al. (2003), ecologists are
responsibile for developing SES frameworks, including the PPD model. The United
States National Science Foundation established the Long Term Ecological Research
(LTER) network in 1980, a program that makes decadal scale observations and
experiments in multiple ecosystems across North America. The mission of the LTER is to
generate “the knowledge and predictive understanding necessary to conserve, protect, and
manage the nation's ecosystems, their biodiversity, and the services they provide”
(http://www.lternet.edu/network/). While working on integrated social and ecological
systems, LTER researchers — led by Scott Collins — recognized an opportunity to develop
a model that could be supported by the existing LTER network infrastructure (Robertson
et al. 2012). From this extensive constellation of research sites and a long legacy of

scientific results, the Press Pulse Dynamics (PPD) model emerged as a guide for long-



term research that integrates social science and ecology. The LTER network adopted the
PPD model in order to implement standardized terminology across disciplines and to
facilitate the evaluation of SESs (Collins et al. 2011). While there are numerous
published SES frameworks available, the PPD model was chosen for this dissertation for
its central emphasis on spatial and ecological change, disturbances, and human
perceptions of change, characteristics that play important roles in Huascaran National

Park.
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Figure 1.2. Press-Pulse Dynamics framework from Collins et al. (2011).

HUASCARAN NATIONAL PARK PEATLANDS AND THE PPD MODEL
SES theory and the PPD model are potentially useful frameworks for

understanding the links between biophysical processes, ecosystem services, and



perceptions of environmental change as they relate to changing peatlands in HNP. In this
section, | explain why this could be and how each component in the PPD model could be

applied to peatlands in HNP as illustrated in Figure 1.3.
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Figure 1.3. PPD framework adapted for Huascaran National Park with the three
hypotheses for this dissertation identified in red.

In the PPD model, the biophysical template is shaped by disturbances, or presses
and pulses (Smith, Knapp, and Collins 2009; Collins et al. 2011). The spatial
configuration of peatlands in HNP is changing and likely affected by climate-induced
glacier recession because meltwater influnces these ecosystems, a hypothesis I test and

present in Chapters 3 and 4. The biophysical template represents processes that are
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described by principles from geology, hydrology, ecology, and biology. The biophysical
template is divided into two components, community structure and ecosystem function.
In the case of HNP peatlands, community structure includes biological diversity,
elevation and moisture gradients, geomorphic processes, and precipitation; all these
factors could explain patterns of heterogeneous vegetation composition that is evaluated
in Chapter 5, where | address Hypothesis 2. The ecosystem functions of high Andean
peatlands include biomass production, nutrient cycling and transport, carbon dynamics,
and the hydrologic cycle.

Over time, presses and pulses would shape the biophysical template that then
affects the quality and quantity of benefits that ecosystem services provide to humans
(Collins et al. 2011). There are numerous ecosystem services that have been identified
with high Andean peatlands (including paramos): pasture for grazing, carbon storage,
biodiversity conservation, water supply for urban centers, agriculture and hydroelectric
power generation, temporary water storage, groundwater recharge, sediment accretion,
nutrient filtration, and pollution removal (Charman 2002; Buytaert, Cuesta-Camacho, and
Tobo6n 2011). The Park’s Master Plan lists additional ecosystem services: microclimate
regulation, water purification, and migratory bird habitat (SERNANP 2011).
Furthermore, high Andean wetlands have aesthetic and recreation value because the
pastoral landscapes are visually appealing to tourists and local users. Peatlands and
adjacent flat or gently rolling areas inside the park often serve as camping sites and can
be heavily damaged by overuse. Based on field observations, camping likely has a

negative impact on peatlands through heavy concentrated use and problems with waste
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disposal. In addition, peatlands are susceptible to disturbances resulting from overuse,
grazing, and trampling (Pérez 1993). Non-native livestock (cattle, horses, sheep) are the
major disturbance factor that could negatively impact the biophysical template and
affiliated ecosystem services because the activities of grazing and trampling inhibit plant
growth and reproduction and contribute to soil erosion.

In the PPD model, disturbances can be influenced by external drivers such as
climate change, as is the case in HNP and evidenced by melting glacier ice and shifting
hydrology. Environmental change is increasing the vulnerability of local communities
who are adapting to new conditions (Young and Lipton 2006; Mark et al. 2010). The
social template in the PPD model is comprised of human behavior and human outcomes.
Human behavior refers to decision-making and actions, whereas human outcomes
correspond to quality of life, perceptions, values, well-being, and livelihood (Collins et
al. 2011). As defined by Chapin, Folke and Kofinas (2009), livelihood is defined as a
strategy undertaken by individuals or social groups to create or maintain a living. They
define well-being as an individual or social group’s quality of life, which is dependent
upon meeting basic material needs for a good life. Local people’s livelihoods in the high
valleys of the Cordillera Blanca primarily rely on agriculture and livestock. Other
household economic activities may include tourism, manufacturing dairy products, and
fabricating artisanal products, representing an income diversification strategy related to
climate change (Mark et al. 2010). The PPD social template also includes human
behaviors; managing livestock, modifying grazing regimes, and diversifying household

income would all be considered human behaviors potentially important in the study area.
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Livestock management decisions made by pastoralists impact the biophysical template
through the grazing and trampling activity of livestock. What drives decisions and
behaviors are values and perceptions of change, which | further address with empirical
information in Chapter 6. Human outcomes of pastoralists in the Cordillera Blanca are
simultaneously influenced by external drivers (climate change) and supported by
ecosystem services. Livelihoods depend on livestock, which in turn depend on ecosystem
services for survival.

The PPD framework is a relatively new and untested model that offers insight into
how environmental changes are both impacted by and impact the social and biophysical
systems in HNP. Central to geographic thought is the human-environment interaction
paradigm and accompanying interdisciplinary engagement (Baerwald 2010). Because the
PPD model integrates social and biophysical sytems and their intersections, | have
designed an interdisciplinary approach to address my three research questions. Taken
together, the three questions are larger than any one discipline, thus necessitating a
research design that bridges distinct traditions to answer the research questions. Drawing
from land change science, remote sensing, landsape ecology, spatial statistics, geographic
information science, plant ecology, soil science, wetland science, multivariate ecological
analysis, and ecological oral histories, the dissertation adopts multiple perspectives to
produce new knowledge about a rapidly changing landscape related to glacier recession

and therefore contributes to and advances geography.
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DISSERTATION TIMELINE

The field data presented in this dissertation were collected over 5 seasons
beginning in 2011 and culminating in 2015. All trips took place in July for approximately
30 days, with the exception of an 8-day trip in October 2015. A summary of the major
accomplishments for each field season is presented below.

2011. In July, I conducted an initial trip to the study area with the objective of
familiarizing myself with the area. It included a synoptic trip of the Santa River basin
from the Pacific Coast to the headwaters of the basin at Conococha lake, spanning a 4000
meter elevation gradient. During this reconnaissance trip, I identified the three valleys
that would likely be the focus of the research, Quilcayhuanca, Carhuascancha, and
Llanganuco. I also began to identify the knowledge gaps, conceptualize the research
questions and potential methods, determine feasibility of implementing the methods, and
calculating the project budget.

2012. The primary objective of the second field season was to complete
vegetation surveys in Quilcayhuanca and Carhuascancha and evaluate the feasibility of
50 cm soil pits (determined to be infeasible). I presented my proposed research at an
international workshop at the Universidad Nacional Santiago Antinez de Mayolo in
Huaraz (in Spanish). I also conducted preliminary interviews with park staff and
pastoralists.

2013. The third field season included two international conferences, the Foro

Internacional de Glaciares, where I presented a poster. At the Glacial Flooding &

Disaster Risk Management Knowledge Exchange & Field Training Workshop (organized
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by USAID and The Mountain Institute), I led a field-based module on mountain mires. I
finished vegetation surveys in the Llanganuco valley and collected all the soil samples. In
the Quilcayhuanca valley, I collected half of the soil samples.

2014. The fourth season was dedicated to collecting the remaining soil samples in
Quilcayhuanca and all in Carhuascancha. I conducted ecological oral histories and hired
and trained a field assistant and translator to conduct the oral histories after my field
season ended. During this field season, I had the opportunity to develop a new
collaboration with peat ecologists from Michigan Technical University. We cored
peatlands in Quilcayhuanca, reaching up to 10 meter depths. The collaboration is ongoing
and I expect to publish findings jointly in 2016. I also presented an update on my
research to a public audience at the Museo de Historia Natural in Lima (in Spanish).

2015. The objective of this final trip was outreach where I shared the results of
my dissertation with in-country partners and collected feedback. I presented to an
audience of 30 people at The Mountain Institute in Huaraz and to 10 staff members of
HNP (both in Spanish). The park staff is re-writing the Master Plan and, at their request, |
submitted a summary of my finding that will be included in the 2016-2020 Master Plan.
In addition, I presented to a graduate seminar on climate change and coupled natural
human systems at the Universidad Pontifica Universidad Catolica del Peru in Lima (in
Spanish). The conclusions in Chapter 6 reflect feedback received during these sessions

and ideas generated during interactive discussions.
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AUTHORSHIP
The research and writing presented herein is solely the product of the author,

Mary H. Polk (nom de plume Molly H. Polk). Where collaborators contributed to data
collection, their names are clearly indicated. In the future, individual chapters will be re-
crafted into manuscripts to be submitted for publication in peer-reviewed journals where
chapters will appear as multi-authored manuscripts. Following traditions in the discipline
of Geography, I will be the lead author to signify that I conceptualized the research
design, collected the data, performed the analysis, and drafted most, if not all, of the
manuscript. This “effort-based” style lists subsequent authors in order of their relative

contribution to the manuscript (Winkler 2014).

DISSERTATION OVERVIEW
Highlighted in red text in Figure 1.3 are the three hypotheses associated with the

specific research questions that guide the dissertation. Chapter 2 provides an in-depth
description of the study area, addressing both social and biophysical details at the scale of
the valley and the park. Rather than describe the study area in each of the chapters, the
reader is encouraged to refer to Chapter 2 for each subsequent chapter. Chapter 3
investigates the changing spatio-temporal character of peatlands in the park, with special
attention to patterns and processes of change and ecological consequences of change.
After documenting how peatlands are changing spatially over time, Chapter 4 then
explores why peatlands are changing using an analytical technique adopted from
econometrics. Next, Chapter 5 evaluates the community structure of peatland vegetation,

concentrating on plant diversity and identification of the abiotic factors that explain
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vegetation heterogeneity. Finally, Chapter 6 delves into the important social aspects of
peatlands through the use of ecological oral histories as a technique for estimating
landscape change. Chapters 3, 4, and 5 provide results that explicitly treat biophysical
systems in the PPD model. In contrast, Chapter 6 offers a social dimension that enriches
the narrative by bringing forward local knowledge as a way to integrate perceptions of
change into the research. It also concludes with recommendations for management

strategies that would maintain and protect peatlands into the future.
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Chapter 2: Study Area

This chapter describes the area of interest that is the subject of this dissertation,
Huascaran National Park (8.5° — 10° S) and its glaciated mountain range called the
Cordillera Blanca. The study area is defined by two scales: the park level and the valley
level. At the park level, I include the entire 3400 km?* contained within the legal park
boundaries. Within the park, there is a finer-grain focus on three valleys, Llanganuco,
Quilcayhuanca, and Carhuascancha (Figure 2.1, 2.2). Having two scales facilitates
valley-to-valley (inter-valley) and within-valley (intra-valley) analysis as well as
evaluating park-wide trends. Furthermore, when inter- and intra-valley level questions are
addressed, they are easily contextualized within the broader scale of the park.

The selection of Llanganuco, Quilcayhuanca, and Carhuascancha offers a
comparative approach. The 3 valleys span east-west and north-south gradients and they
represent a variation of glacier coverage summarized in Table 2.1. The research design is
based on a space-for-time swap selection strategy where each valley represents a phase in
time along the continuum of glacier recession. The strategy is a proxy for sequential
changes in time and enables valley-to-valley comparisons (Mark et al. 2010; Bury et al.
2011). Landscapes are the product of biophysical and social forces operating at global,
regional, and local scales over time (Young et al. 2007) and I use this concept as an
organizing framework for the study area chapter. It begins with an overview of relevant

biophysical processes and then turns to social factors pertinent to the study area.
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Figure 2.1. Study Area showing Huascaran National Park, glaciated Cordillera Blanca
mountain range, and 3 focus valleys, Llanganuco, Quilcayhuanca, and Carhuascancha.
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Table 2.1. Characteristics of the three study area valleys. Llanganuco and Quilcayhuanca
information from (Mark et al. 2010) and Carhuascancha from author’s GIS data.

Llanganuco  Quilcayhuanca Carhuascancha
Valley Area (km?) 85 243 96
% Glaciated 36% 17% 8%
Side of Cordillera Blanca West West East
Drainage Santa Riverto  Santa River to Mosna River to

Pacific Ocean

Latitude 9°02’ S
Longitude 77°36° W

Pacific Ocean

9°29°S
77° 24 W

Amazon River and
Atlantic Ocean

9028 S
77° 14 W
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Figure 2.2. Images of the three valleys, Llanganuco (Top), Quilcayhuanca (Center), and
Carhuascancha (Bottom)

21



BIOPHYSICAL TEMPLATE

Geology

The Cordillera Blanca is a conspicuous feature of the Andes because it is home to
the world’s largest concentration of tropical glaciers (Kaser and Osmaston 2002). It is
located in a section of the Andes that is comprised of three parallel mountain ranges with
the Cordillera Blanca’s ridgeline as the continental divide. The eastern slopes of the
Cordillera Blanca drain into tributaries of the Marafion River, headwaters of the Amazon
basin, and into the Atlantic Ocean. The western slopes drain into the Santa River that
flows into the Pacific Ocean. The arid Cordillera Negra lies west of the Cordillera
Blanca.

The Andes are formed by the collision of the oceanic Nazca plate with the
continental South America plate, resulting in orogenesis. The denser Nazca plate
subducts under the South America plate along the Peru-Chile trench at a rate estimated to
be 8 cm/year (Kennan 2000; Lutgens and Tarbuck 2012). Initiation dates of subduction
are debated, but one estimate places Andean orogenesis as early as the Triassic period
(Coney and Evenchick 1994; Gregory-Wodzicki 2000; Canavan et al. 2014). Oceanic-
continental collision and associated orogenesis is ongoing as evidenced by frequent
seismic activity. Uplift rates vary over time and across the mountains’ tremendous 5000
km length from Colombia to southern Argentina (Gregory-Wodzicki 2000).

The Western Cordillera of Central Peru, where the Cordillera Blanca is located, is
described by Gonzales and Pfiffner (2012) as a belt comprised by Jurassic and
Cretaceous sediments that folded and thrusted in the Paleocene to Eocene times.
Batholiths, or exposed plutons, are a distinguishing geologic feature of the Cordillera
Blanca (Sevink 2009) and can occur in subduction regions. As the descending plate

melts, plutons are created and over geologic time, erosion and uplifting exposes the
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plutons. Cordillera Blanca batholiths intruded into the Jurassic and Early Cretaceous
sediments during the Miocene, between 8 and 10 million years ago, making the
mountain range fairly young in geologic chronologies (Gregory-Wodzicki 2000;
Gonzalez and Pfiffner 2012). Approximately 80-90% of the Cordillera Blanca batholith is
granodiorite, with the remainder attributed to isolated pods of tonalite and diorite. The
batholith intruded into Jurassic metapelites from the Chicama formation (McNulty et al.
1998). The Chicama formation consists of dark grey and black shales that are commonly
pyritic siltstone, quartzite and volcanics in some area (Cobbing et al. 1981). Sulfide-rich
lithologies are present in the Cordillera Blanca and glacier retreat has newly exposed
substrates to weathering. Sulfide and pyrite oxidation of the exposed substrates is linked
to pH values below 4 in one glacier-fed stream flowing into the Santa River (Burns,
Mark, and McKenzie 2011; Fortner et al. 2011).

Amidst the ongoing geologic processes, the east and west sides of the Cordillera
Blanca are incised by glacial and fluvial activity. The range is transected by valleys that
are perpendicular to the range’s northwest-southeast orogenic strike. Glaciers occur at the
heads of most valleys (known as quebradas locally), the origin of rivers that drain down
these valleys. Because the range has the largest concentration of tropical glaciers in the
world, glacial erosion rates are higher than nearby non-glaciated areas (Garver et al.
2005). Glacial scouring and fluvial erosion play a role in the geomorphology of the

mountain range and in the formation of high altitude wetlands that line the valley floors.

Soils

Typically, mountain soils are described as young, poorly developed, thin and
rocky (Price and Harden 2013), but they can also include deep ancient organic soils from
peatlands (Hall et al. 2009). In the Cordillera Blanca, soils fall into one of three orders:

entisols, inceptisols and histosols. Entisols are thin, poorly developed, and found on steep
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slopes and exposed ridges. They are shallow, usually well-drained, and show little
evidence of horizons. Some entisols can be accumulations of fine or slightly rocky
material (Price and Harden 2013). They are young and therefore weakly developed soils
where the soil-forming processes began relatively recently (Brady and Weil 2002).
Inceptisols are soils that are in the early stages of development; they are a family that
includes soils with diagnostic horizons that fail to meet the criteria for other orders (Price
and Harden 2013). Histosols are a third order of soils found in mountains. They are peat
soils that form where drainage is poor, usually in depressions where water can persist.
Histosols are characterized by an abundance of dead plant material, high acidity, and high
organic matter content. The mineral content — albeit low — is derived from the erosion of
upland slopes. They do not contain permafrost within a meter of the surface (Price and
Harden 2013). Rodbell (1993) reported that peat soils exposed in a lake sediment section
in a moraine in the Cordillera Blanca were dated to ca. 13,300 £+ 200 yr. B.P. Table 2.2
reports the soil orders, suborders and total area found within Huascaran National Park
according to the park master plan (SERNANP 2011). Although the park master plan does
not recognize the presence of histosols, puna ecoregions do contain them (Young et al.
1997) and soil analyses made during this study indicate the presence of highly organic

soils that would likely be classified as histosols (see Appendix 5 for soil analysis results).
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Table 2.2: Soil orders, suborders and total area in HNP reported by SERNANP 2011.
Note that SERNANP does not include histosols that are present inside the park.

Soil Order  Soil Suborder Area (km?)
- Rock Outcroppings 4.5
Entisol Rock Outcroppings and Lithic Ustorthents 4.6
Entisol Rock Outcroppings and Typic Cryorthents 1.7
Entisol Typic Ustifluvents 1.3
Entisol Typic Cryofluvents 2.5
Entisol Typic Cryorthents 1.2
Entisol Typic Cryorthents and Typic Cryofluvents 1.0
Entisol Typic Ustorthents and Rock Outcroppings 1.2
Entisol Typic Ustorthents and Typic Ustifluvents 1.8
Elﬂtclsgtliggld Typic Cryorthents and Typic Cryumbrepts 2.8
Elﬂtclsgtliggld Typic Ustorthents and Lithic Haplustepts 4.5
Elﬂtclsgtliggld Typic Ustorthents and Typic Haplustepts 4.5
Entisol Typic Endoaquents 1.5

Climate and Weather

Two climatic features drive the climate and weather in the study area, the
orographic effect and the latitudinal movement of the Inter-Tropical Convergence Zone
(ITCZ). The Cordillera Blanca is a high mountain barrier located perpendicular to the
zonal air flow from the Amazon. The mountains block most of the easterly air flows that
carry moisture from evaporation over the Atlantic Ocean and Amazon basin. When air
masses meet the Cordillera Blanca, they are forced aloft where cooler temperatures
trigger precipitation that falls on the mountains (Espinoza et al. 2009). West of the
Cordillera Blanca, the neighboring Cordillera Negra and coastal plan receive little to no
rainfall (Kaser et al. 2003) whereas precipitation levels on the eastern or windward side
of the Cordillera Blanca can be 2 - 3 times higher than the leeward side (Johnson 1976).

It should be noted, however, that there is strong spatial variability in precipitation
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patterns in the inter-Andean valleys east of the Cordillera Blanca particularly in valleys
lower than 2000 masl (Espinoza et al. 2009).

The climate is characterized by distinct dry and rainy seasons. The annual pattern
corresponds with the north-south migration of the ITCZ. The convergence of easterly
trade winds results in intense convective activity that produces precipitation over the
tropics. Easterly trade winds deliver moisture originating in the Amazon basin to the
Cordillera Blanca (Garreaud, Vuille, and Clement 2003; Kaser et al. 2003). Thus the wet
season is a period of high precipitation, cloud cover, and humidity (Schauwecker et al.
2014). Approximately 90% of precipitation occurs between October and April with a
peak in February and March; the dry season is typically from May to September (Vuille,
Kaser, and Juen 2008).

Unfortunately, there is no complete meteorological dataset for the 1960 — 2012
period for the Cordillera Blanca (Lipton 2008; Vuille, Kaser, and Juen 2008; Mark et al.
2010; Schauwecker et al. 2014). Nevertheless, researchers have reported that there is a
north-south precipitation gradient; more rainfall occurs in the northern section of the
study area than in the south. Precipitation at a northern meteorological station in the
Par6n valley is 770 mm/year versus 470 mm/year at the southern Recreta station (Vuille,
Kaser, and Juen 2008). Precipitation also varies with elevation and records show that low
elevation meteorological stations such as Caraz (2286 masl) receive substantially less
precipitation than high elevation stations such as Paron (4185 masl) (Schauwecker et al.
2014). As is typical of tropical mountain temperature patterns, there is a wide daily
variation and small annual temperature variation (Kaser, Ames, and Zamora 1990).
Figures 2.3, 2.4, and 2.5 illustrate mean monthly precipitation and mean air temperature

for the meteorological stations closest to the 3 valleys of interest as reported by Peru’s
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national meteorological and hydrological service, Servicio Nacional de Meteorologia e

Hidrologia del Pera (SENAMHI).
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Mean Monthly Precipitation 2003 - 2011
Station: Huaraz

Precipitation (mm)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Mean Air Temperature 2003 - 2011
Station: Huaraz

30.0

\/'/\

$ 200

L

> —

§ 15.0 Mean

38 e Maximum
5.0 p ————
0.0

< S S Q0
FEFTF LSS

Figure 2.3. SENAMHI Precipitation and temperature data for Huaraz (2003 — 2011),
corresponding with the Quilcayhuanca valley. Prior to 2003, data contains gaps.
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Mean Monthly Precipitation 2004 - 2011
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Figure 2.4. SENAMHI precipitation and temperature data for Yungay, 2004 — 2011,
corresponding with the Llanganuco valley. Prior to 2004, data contains gaps.
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Mean Monthly Precipitation 2003 - 2011
Station: Chavin
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Figure 2.5. SENAMHI precipitation and temperature data for Chavin, 2003 — 2011,
corresponding with the Carhuascancha valley. Prior to 2003, data contains gaps.
Mean minimum temperature unavailable due to instrument failure (Vera 2014).
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An additional climatological factor in the study area is the El Nifio Southern
Oscillation, or ENSO phenomenon. ENSO refers to the entire range of climatic
variability including El Nifio and La Nifa events (NOAA 2014a). It is a coupled
atmospheric and oceanic phenomenon that occurs roughly every 2 to 8 years (Garreaud et
al. 2009). At the time of this writing, El Nifio conditions are present. Authorities are
currently predicting a 95% chance that El Nifio will continue through the Northern
Hemisphere winter 2015-2016 period (NOAA 2014b). Under normal conditions,
southerly winds blow up the coast of South America and then turn west at the equator in
a counterclockwise direction. These winds blow warm equatorial water south and west
towards Australia and New Zealand. Cold water wells up from the depths of the Pacific
Ocean just off the coast of South America in the Humboldt Current. The upwelling of
cold water produces a nutrient rich habitat for marine life and an economically valuable
fishery along the Peruvian, Ecuadorian, and Chilean coasts (Ruddiman 2008). The cold
upwelling in the eastern Pacific and the pooling of warm water in the western Pacific is
linked to the thermocline, a region of strong vertical temperature gradients in the
uppermost section of the ocean (Caviedes 2007). Under normal atmospheric conditions,
the Walker circulation drives east-west atmospheric circulation. In the western Pacific,
air rises to create convective thunderstorms. Upper level winds then blow east,
descending in the east Pacific and blows west as westerly trade winds (Collins et al.
2010). The Walker circulation is associated with a high pressure system in the eastern

Pacific and a low pressure system in the western Pacific (Ruddiman 2008).
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During an El Nifio event, trade winds weaken and warm water that normally is in
the western Pacific pools off the coast of South America, east of its normal position. As
the winds weaken, the Humboldt Current is disrupted. The thermocline flattens and
warmer water gathers where colder water normally occurs off the coast of Ecuador, Peru,
and northern Chile. Sea surface temperatures in the eastern tropical Pacific increase by 2
— 5° C and sometimes as much as 8° C (Christopherson 2003; Ruddiman 2008). The
Walker Circulation is altered and a low pressure develops in the east and a high pressure
system exists in the eastern tropical Pacific (thus Southern Oscillation). A corresponding
phenomenon to El Nifio is La Nifia, which occurs when surface waters in the equatorial
Pacific off coastal South America are colder than usual (Christopherson 2003). The
causes of El Nifio and La Nifia have not yet been identified and accurately predicting the
onset remains elusive (Collins et al. 2010).

The effects of El Nifio are not uniform across the Andes and vary considerably
even within Peru (Rabatel et al. 2013). In the Cordillera Blanca, El Nifio years
correspond with above-average temperatures and decreases in precipitation.
Consequently, during El Nifio years, glaciers have a negative mass balance, whereas La
Nifa is associated with increases in glacier mass balance (Vuille, Kaser, and Juen 2008).
El Nifio events appear to correspond with less cloud cover thus exposing glaciers to
higher solar radiation than normal years and enhancing negative mass balance (Smith,
Mark, and Rodbell 2008). The teleconnection between Cordillera Blanca glaciers and El
Nifio, however, is considered “spatially unstable” and negative mass balance does not

always occur during El Nifio events (Vuille, Kaser, and Juen 2008, 14).
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Fluctuating Tropical Glaciers
Tropical glaciers are found in New Guinea (Irian Jaya), the mountains of East

Africa (Mt. Kenya, Mt. Kilimanjaro, Rwenzori) and in the Andes (Colombia, Ecuador,
Bolivia, Peru). Of these, 71% are in Peru. Tropical glaciers are particularly sensitive to
climate change. The absence of thermal seasonality in the tropical latitudes causes these
glaciers to exhibit behaviors that are unlike their northern latitude cousins (Kaser 1999;
Kaser and Georges 1999). Sensitivity to climate change can be partially explained by
steep elevation gradients. Ablation occurs on the lowest part of the glacier year-round
with higher ablation rates during the wet season; the glacier terminus is continually losing
mass throughout the year. In the higher accumulation zone, snow is deposited only during
the wet season (Kaser and Georges 1999; Rabatel et al. 2013). Tropical glacier snowlines
are near the 0° isotherm, so any shift in temperature and precipitation can cause rapid
mass balance changes. For example, a small increase in air temperature during the
accumulation season means that precipitation that would normally fall as snow would fall
as rain thereby decreasing mass balance (Rodbell, Smith, and Mark 2009). Kaser (1999)
reported that a complex combination of changes in air temperature, humidity,
precipitation, cloudiness and incoming shortwave radiation govern tropical glacier
fluctuation. Yet, there is some disagreement: ice core evidence indicates that rising air
temperature is the primary driver of tropical and subtropical glacier retreat and reduced
precipitation levels are less important (Thompson et al. 2006). Research in the Cordillera
Blanca by Mark and Seltzer (2005) attributes glacier recession to rising temperatures and

accompanying increases in humidity. They conclude that changes in solar radiation
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(moderated by cloud cover) do not explain glacier recession, at least from 1962 to the
present.

In spite of the ongoing discussion over what governs fluctuation, it is understood
that tropical glaciers respond quickly to small shifts and to larger changes such as ENSO
cycles (Rabatel et al. 2013; Schauwecker et al. 2014) and that Andean glacier fluxes are
spatially heterogeneous (Rodbell, Smith, and Mark 2009). The Cordillera Blanca
chronology of Holocene glaciation stands out as one of the best studied in the tropical
Andes (2009). Evidence from the Pleistocence on the other hand is sparser. Rodbell
(1993) refined work completed by Clapperton (1972, 1983) that dated Pleistocene
moraines. Using rock-weathering posts on groups of moraines and modelling to generate
a Pleistocene and early Holocene glaciation timeline, Rodbell (1993) estimates ages as
far back as 590,000 yr B.P. A newer study provided evidence that there was extensive ice
advance around 400,000 yr B.P. (Farber et al. 2005). Modelling places moraine dates
ranging from 20,500 - 46,500 yr. B.P., 29,000 - 72,000 yr B.P., and potentially as old as
75,500 - 500,000 yr. B.P. (Rodbell 1993). Pleistocene advances are thought to be
synchronous with regional and global glacial advances. Major advances at 29,000 yr.
B.P. and 16,500 yr. B.P. reflect a cooling of tropical temperatures by > 4° C around the
Cordillera Blanca (Farber et al. 2005).

Ice cores collected from the col of Huascaran by Lonnie Thompson and his team
provides records from the Lateglacial Stage (LGS) through the Younger-Dryas transition
(12,800 to 11,500 years ago) into the Holocene (Thompson et al. 1995) . During the

LGS, tropical Atlantic sea surface temperatures may have been 5°- 6° C cooler and air
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temperatures in the high Andes were estimated to be 8°- 12° C cooler. In the Younger-
Dryas, a global cooling event, glacier advance may have culminated between ~11,280
and 10,990 yr B.P. (Rodbell and Seltzer 2000) or earlier between 14,500 to 12,900 yr
B.P. (Jomelli et al. 2014). Stansell and others (2013) recreated Holocene climate
conditions using lacustrine sedimentary layers from lakes in Peru’s Western Cordillera.
They conclude that the early Holocene (~12.0 — 8.0 ka) was a period when glaciers
retreated because of less precipitation. In the middle Holocene (~8.0 — 4.0 ka) the climate
became colder and wetter, resulting in advancing glaciers. The late Holocene (after ~4.0
ka) was a period when glaciers retreated in response to increased temperatures and
precipitation. During the Medieval Climate Anomaly (~1.0 — 0.7 ka), drier and warmer
temperatures prevailed and glaciers once again retreated. Sediment records from
elsewhere in Peru are in agreement — the MCA was a time of prolonged aridity (Bird et
al. 2011).

All tropical glaciers (Irian Jaya, Mt. Kenya, Mt. Kilimanjaro, Rwenzori, and the
Andes from Venezuela to Bolivia) were at maximum extent during the LIA and since the
end of the LIA, they have all retreated. LIA fluctuations of tropical glaciers are thought to
be globally synchronous by Kaser (1999). The LIA was a time of cooler, wetter climate
conditions and tropical glaciers advanced (Bird et al. 2011; Rabatel et al. 2013; Stansell
et al. 2013). Two major glacial advances in the Cordillera Blanca occurred during the
LIA: one around AD 1330 and a second around AD 1630, which is believed to be the
maximum LIA advance (Jomelli et al. 2009). Other smaller LIA advances occurred

between AD 1590 and 1720, and between 1780 and 1880 (Solomina et al. 2007).
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From the LIA maximum glacial extent to the beginning of the 20" century,
Cordillera Blanca glacier tongues retreated approximately 1000 m or roughly 30% of
their length, most likely responding to anthropogenic climate change (Vuille et al. 2008).
The Huascaran ice cores show a distinct and rapid warming trend over the last 200 years
(Thompson et al. 1995). After about 1880, significant and accelerated recession began
(Mark and Seltzer 2005; Vuille et al. 2008). Since 1900, aridity in Peruvian Andes has
been more pronounced than any other time during the preceding 2300 years (Bird et al.
2011). Equilibrium line altitudes have risen by about 70 m since 1969. Focused research
on climate change in the latter half of the 20™ century suggests that glacier recession is
driven by increased temperatures and humidity levels. Reduced cloud cover and
enhanced solar radiation are not thought to be forcing mechanisms (Vuille et al. 2003;
Mark and Seltzer 2005). Temperature and humidity levels have increased throughout the
tropical Andes from 1950 to 1998 and are linked to increases in tropical sea surface
temperatures in the Pacific Ocean that raise tropical freezing heights (Vuille et al. 2003).

An analysis by Schauwecker and others (2014) of recent (1969-2012) temperature
data from meteorological stations around the Cordillera Blanca shows that temperature
increases are slowing. The running 30-year mean temperature decreased from a
maximum of 0.31° C per decade between 1969 to 1998 to 0.13° C per decade from 1983-
2012. Simultaneously, minimum temperatures increased and maximum temperatures
cooled effectively decreasing the daily temperature range. Meanwhile, mean annual
precipitation has strongly increased by roughly 60 mm/decade since 1980. The increase

in precipitation would have led to glacial advance yet the strong increase in temperatures
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appears to have outpaced the precipitation increases; these dynamics appear to have
fueled glacier retreat from 1969 to 1998. Glaciers may still be responding to pre-1998
increases in air temperatures (Schauwecker et al. 2014). Consequently, the outlook for
Cordillera Blanca glaciers is pessimistic because air temperatures and Pacific sea surface
temperatures are expected to continue increasing (Vuille et al. 2008; Jomelli et al. 2011;
IPCC 2013).

Peruvian government findings are consistent with independent scientific studies
documenting substantial decreases in glacier area (Kaser and Osmaston 2002; Mark and
Seltzer 2005; Silverio and Jaquet 2005; Racoviteanu et al. 2008; Burns and Nolin 2014).
The government completed their first detailed countrywide glacier inventory in 1970 and
in the Cordillera Blanca total glacier area was 723.37 km?. By 2003, total glacier area
decreased to 527.62 km?, a loss of 195.75 km?, or 27% over 33 years. The remaining
glaciers have not only receded, but also have fragmented. Small glaciers have in some
cases disappeared altogether (i.e. the Broggi glacier). Glacier fragmentation has increased
the number of glaciers: in 1970 there were 722 and there were 755 in 2003 (Autoridad
Nacional del Agua, Unidad de Glaciologia 2013).

Changing hydrologic regimes and corresponding shifts in water resource use are
some of the consequences of glacier recession in the Cordillera Blanca and throughout
the Andes (Bradley et al. 2006; Chevallier et al. 2011). Historical hydrologic data used to
model predictions about glacier discharge and streamflow in the Cordillera Blanca have
produced inconsistent findings (Baraer et al. 2012). For example, Juen et al. (2007) and

Vuille et al. (2008) posit that as glacier volume decreases, the volume of glacier
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discharge will also decrease. In another example, Pouyaud et al. (2005) suggest that
streamflow increases as the glacier recedes and then, after reaching a critical threshold,
decreases suddenly. Baraer et al. (2012) modified and refined previous concepts to
suggest a new model. After analyzing discharge from nine watersheds in the Cordillera
Blanca, Baraer et al. (2012) found that hydrological responses to deglaciation are
nonlinear. Discharge increases, peaks and then declines gradually over time in a 4 phase
conceptual hydrographic sequence. Furthermore, individual watersheds in the Cordillera
Blanca are presently in different phases of deglaciation and associated phases of
decreasing discharge. Seven of the 9 watersheds have passed peak discharge and have

entered a declining phase (Baraer et al. 2012).

The Puna Ecoregion and Vegetation Formations
An inclusive definition of puna incorporates all habitats and vegetation types

above 3300 masl and from 7° to 18° S. It is a tropical mountain system that is above the
elevational limit of continuous forest but below the permanent snow line (Young et al.
1997). Carl Troll (1968) recognized three types of puna - wet, dry, and moist - based on
differences in precipitation gradients from north to south and from east to west in the
Andes. The majority of HNP is in the puna ecoregion and would be considered moist
puna, which is mostly found on Peru’s western cordilleras (Young et al. 1997,
SERNANP 2011). The Cordillera Blanca and HNP are at the transition of the puna to the
south and the jalca ecosystem to the south, making it biologically diverse and a

compelling place to work on vegetation and floristics (Smith 1988).
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The floristic boundary between jalca and puna is ambiguous and some consider
Jjalca to be a transition zone between paramo and puna (Luteyn 1999; Josse et al. 2011).
High altitude mountain grasslands in northern Peru that receive high annual precipitation
are termed jalca (Weberbauer 1945; Molina and Little 1981). Puna and jalca are similar
to paramo, an ecosystem found in Ecuador, Colombia, and Venezuela that receives
higher annual precipitation and is characterized by giant rosette plants, tussock grasses,
acaulescent rosette plants, cushion plants, and sclerophyllous shrubs (Buytaert et al.
2006; Liittge 2008).

The puna ecoregion has a long history of human influence from early use by
hunter-gatherers (Baied and Wheeler 1993). Across the puna, humans have transformed
the composition of large herbivore herds from wild deer and camelids to domestic
camelids (llamas and alpacas), sheep, and cattle (Molina and Little 1981). Introduction of
cattle, sheep, horses, pigs, and donkeys by humans predates the establishment of the
national park in 1975. Populations of wild deer and vicufia are small. Montane grasslands
in the Andes are heavily influenced and modified by anthropogenic activity including
burning, and overgrazing (Young et al. 2007).

Taxonomic work in HNP is scattered and ranges from a PhD dissertation (Smith
1988) to studies on unique high altitude plant adaptations (Cano et al. 2010) to field
guides. A recent master’s thesis documented over 100 wetland and aquatic species
growing in and around Conococha, a lake located immediately outside the southernmost
boundary of HNP (Ramirez Huaroto 2011). Cataloguing the abundant and diverse

tropical mountain flora continues and new species are still being discovered (Al-Shehbaz,
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Cano, and Trinidad 2012). In total, there are about 901 plant species and 374 genera in
the park represented by 114 families including the iconic bromeliad, Puya raymondii
(SERNANP 2011). Plants are adapted to low relative humidity and cold night-time
temperatures. They often have adaptations to discourage grazing, such as prickles, spines,
and thorns; the ability to re-sprout is a survival strategy against grazing and fire (Young
et al. 1997). In terms of fauna, the park is home to 210 bird species, 25 mammals, 2
amphibians, and 4 reptiles, all adapted to high mountain environments (SERNANP
2011).

Several vegetation formations typify the puna ecoregion and some of these
formations are found in HNP. Following is a description of each puna vegetation
formation collated from varios sources (Molina and Little 1981; Smith 1988; Young et al.
1997, 2007; Cano et al. 2006, 2010; Lipton 2008; Josse et al. 2011; SERNANP 2011).

e Woodlands. These open montane forests are dominated by trees and large shrubs
from the genera Polylepis, Buddleja, Gynoxis, and Baccharis. Most of the largest
woodland patches are located on the eastern side of the park. Included in the
woodland category is the non-native Eucalyptus, found at lower elevations along
the park boundary closer to human settlements. Woodlands are often 10 — 20 m in
height.

e Shrublands. Known locally as matorrales, these formations are low-growing
evergreen woody shrubs that can encroach onto neighboring grasslands in the
absence of fire. These plants have multiple woody stems and heights are generally

1-2 m and < 3 m. They tend to be found on rocky, well-drained soils and can be
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on slopes or flat terrain. Common species include Cassia hookeriana, Tecoma
sambucifolia, Escallonia resinosa, and Baccharis spp.

Grasslands. The sweeping expanses of tussock or bunch grasses (called ichu by
local residents) are perhaps most characteristic of puna. These open spaces
comprise most of the puna and are dominated by graminoids (grass-like) plants
such as sedges and grasses. Abundant genera from the Poaceae family include
Calamagrostis, Agrostis, Festuca, Stipa and Poa. Admixed among the dense,
compact tussocks are forbs. Puya raimondii dot the puna grasslands in small
isolated patches.

Aquatic and Semi-aquatic communities. Found in lakes, margins of lakes and

rivers, areas of permanently standing water, these communities can be found at a
variety of elevations. Important plant families are Asteraceae, Crassulaceae,
Cyperaceae, Isoetaceae, Juncaceae, Poaceae, Potamogetonaceae, and
Ranunculaceae. Aquatic plants are adapted to conditions where they are
continually submerged and species richness is overall lower. Margins of lakes and
rivers include communities of emergent aquatics, primarily Cyperaceae and
Juncaceae.

Wetlands. Called bofedales, oconales, or humedales locally, these water saturated
systems may be peat forming or non-peat forming. In the case of the former,
peatlands include both bogs and fens depending on the hydrologic source. In the
case of the latter, these wet meadows have mineral soils. HNP peatlands are

formed by dense cushion plants and rosettes, but Sphagnum recurvum is found
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only in small patches in the study area. Peatland plant communities are low-
growing (< 15 cm) and evergreen. Wet meadows are dominated by graminoids.
Additional details are provided in the following section, Wetland and Peatland
Ecosystems.

Lithic Areas. These barren, rocky areas are mostly found above grasslands and
below snow and ice fields. They also contain rock-falls and scree slopes. In lower
elevation zones (3500 — 4000 m), mosses and ferns are abundant. Lichen such as
Rhizocarpon may partially cover rocks and other lithic substrates. Lithic areas are
well dispersed throughout the park and include moraines and zones that have
previously been occupied by glaciers. Recently exposed substrates represent an
opportunity for pioneering plants to initiate primary succession. Highly
specialized plants (e.g. Stangea henrici) have elastic roots adapted to the daily
movement of cryoturbed soil. Plants in these areas are often located in microsites
that offer protection from the wind but allow for enough sunlight for
photosynthesis.

Snow and Ice Fields. These areas occur in the highest elevations of the park, from

4800 m to over 6000 m. They are covered in snow and ice. Included are debris-
covered glaciers. Snow and Ice fields are free of vegetation except in rare
instances where pioneering species might take root on debris-covered glaciers, but
these are quite rare (I observed one in the Llaca valley) and have not been

documented in the scientific literature.
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Wetland and Peatland Ecosystems
Wetlands in HNP include peat forming and non-peat forming systems; both can

be seasonally inundated and some peatlands are permanently wet. Examples of non-peat
forming wetlands are those found in the Llanganuco valley. Soils are primarily mineral in
contrast to the high organic matter typical of peat soils. Soil textural class veers towards
clay loam and clay silt. Non-peat forming systems can be considered wet meadows,
wetlands that are dominated by herbaceous plants rooted in occasionally flooded soils
(Keddy 2010). Both the non-peat forming wetlands and peat-forming wetlands are used
for grazing by local communities, but it is unknown if animals preferentially select peat
or non-peat forming wetlands.

Wetlands in the study area can be peatlands, referring to areas that are covered by
peat, a highly organic soil comprised of the remains of plant and animal matter that has
not decomposed completely (Rydin and Jeglum 2013). Peatlands are considered to be a
wetland type where the plant matter accumulation rate exceeds the decomposition rate.
Wetlands are considered peatlands when at least 30 cm of peat has accumulated (Martini,
Martinez Cortizas, and Chesworth 2006; Rydin and Jeglum 2013). Water levels must be
relatively stable and peat soils are often permanently waterlogged (Keddy 2010). Other
authors have noted that high altitude wetlands in the Andes are usually peatlands (Earle,
Warner, and Aravena 2003; Clausen et al. 2006; Cooper et al. 2010).

The largest peatlands in HNP line the floors of U-shaped valleys (Figure 2.5a).
They are dissected by streams and rivers that originate either from glaciers or springs.
The peatlands are lawn or carpet-like in their appearance with occasional patches of

hummocks that are 10-20 cm in diameter and 15-25 cm tall. To walk on, the peatlands are
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firm, but can be soft and quake when water saturation is high. On the valley floors they
are flat to slightly sloping (< 5°). Smaller sloping peatlands, or soligenous peatlands, are
found on valley sides where steep walls transition into flat valley floors. Springs and
seeps create conditions where the constant presence of water encourages peat formation.
Slopes up to 26° have been observed. Peatland disturbances include impacts from
livestock activity — trampling, overgrazing, and excavation for geophagy — as well as
human activities such as canal construction and maintenance, trails, and camping.

Both fens and bogs are present in HNP, forming a fen-bog complex. Fens are
minerotrophic and minerogenous — the primary hydrologic input is groundwater. In
contrast, bogs are ombotrophic and ombrogenous receiving hydrologic input from
precipitation. Fens have a higher pH than bogs, usually > 4, and their soil nutrient content
is higher. As a result, they are floristically richer than bogs. The water table is at the soil
surface or slightly below and they have slow internal drainage. Peat depth is greater than
30 cm, but can be shallow at the margins of the peat body where it transitions to mineral
soils. Bog soil depth is always greater than 30 cm and the soil surface is generally higher
than the surrounding topography, thus isolating it from surrounding mineral soils through
vertical accumulation of organic matter. Convex features, both large and small, can be
found on bog surfaces. Bogs are more acidic than fens, with a pH < 4. They are nutrient
poor and have lower species richness than fens (Keddy 2010; Rydin and Jeglum 2013).

Initially, peatlands may be fens supported by groundwater moving directionally
downslope. Over time, as the peat body grows vertically, parts of it become isolated from

underlying geology and groundwater inflows (Rydin and Jeglum 2013). The fen can
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evolve towards a raised bog, a system that is hydrologically controlled less by
groundwater and more by precipitation (Keddy 2010). Convex topography characterizes
bogs and these features in HNP can be 1-3 m above the surrounding peatland. While
raised bogs derive input from precipitation, the adjacent and connected fens are
controlled by groundwater. Combinations of fens and bogs in close connection to one
another may lack distinct patterning features and are referred to as mosaic mixed mires or
fen-bog complexes (Rydin and Jeglum 2013), and typify those in HNP. For the purposes
of this dissertation, peatlands in the study area will be referred to as fen-bog complexes

(Figure 2.6).

Figure 2.6. Examples of HNP peatlands from the Llanganuco valley (L) and a fen-bog
complex in the Quilcayhuanca valley (R).

Peatland hydrology is influenced by the distinct seasonality of the tropical
climate. Thus both permanent and seasonal peatlands are found in the study area. During
the wet season peatlands can be inundated by overland sheet flow from precipitation.
Hummocks and hollows can contain standing water during the wet season, but during the

dry season, soil may be moist. There is no overland sheetflow during the dry season and
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soil moisture is spatially heterogeneous, ranging from dry to fully saturated. Plants that
compose the carpet-like peatlands in the study area are adapted to permanently wet soil
conditions as well as seasonally-driven water fluctuations. Obligate species that
characterize permanent wetlands are Plantago tubulosa, Eleocharis albibracteata, and
Oritrophium limnophyllum. Facultative upland species that dominate seasonal peatlands
include Lachemilla pinnata, Agrostis breviculmis, Lucilia kunthiana, and the introduced
non-native Trifolium amabile. Although permanent and seasonal wetlands may differ in
terms of seasonal hydrology and species composition, they may be spatially contiguous

(Young et al. 2007).

SOCIAL TEMPLATE
Efforts to create a national park were initiated in 1960 by the then senator of the

Department of Ancash. After 15 years of planning and negotiations, including early
participation by Peace Corps volunteers Curry Slaymaker and Joel Albrecht, Huascaran
National Park was finally established in 1975 by Decreto Supremo N° 0622-75-AG. The
objectives for the park’s creation were to protect the largest glaciated tropical mountain
range in the world and its high biodiversity, unique geological formations, glaciers, and
scenic beauty. Additionally, it protects archaeological sites and aims to develop tourism
activities that provide socio-economic benefits to local communities. The park is part of
the natural, cultural, and scientific national patrimony (SERNANP 2011). Peru’s highest
peak, Huascaran at 6768 masl, is a special point of national pride. UNESCO declared the

park a Biosphere Reserve in 1977 and a World Heritage Site in 1985. The park has a core
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area of 3400 km?, and a buffer zone of 1702 km?. This study focuses exclusively on the
core area in which all the high altitude wetlands are located.

Prior to the establishment of the park, jurisdiction was divided among large farms
(haciendas), private ownership, or mining concessions (Young and Lipton 2006). Local
communities control land use throughout numerous valleys in the park much as they did
prior to the park’s establishment. Detailed information concerning the park’s
establishment can be found in Lipton (2008) and Lipton (2014). Although biodiversity
conservation purposes are the objective of the park, local communities continue to
maintain land use rights within the park and its buffer zone. There are 43 registered
Peasant Communities (Comunidades Campesinas) that use areas in the park for
agriculture and grazing; these areas are managed communally. Thus, large sections of the
park are subject to triple-layered governance: by communities, the regional government
of Ancash, and the national government through the Ministry of the Environment
(Ministerio del Ambiente) and its National Service of Natural Areas Protected by the
State (Servicio Nacional de Areas Naturales Protegidas por el Estado or SERNANP).
Multiple layers of governance can has led to conflicts over natural resource allocation,
land management, and rights-to-use (Lipton 2008; Mark et al. 2010; Carey, French, and
O’Brien 2012; Lynch 2012). For example, puna in HNP is used by communities for
cattle, sheep, horses, and other livestock and their management goals do not synchronize
with the park’s biodiversity and conservation goals. This discord is an ongoing source of
tension between Peasant Communities and park officials and full treatment of the multi-

faceted conflicts are beyond the scope of this dissertation. Further information can be
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found in Lipton (2008), Mark et al. (2010), Carey, French, and O’Brien (2012), and
Lynch (2012).

There are roughly 83,000 inhabitants in the combined park and buffer zone. In the
park itself, there are 50 human settlements and about 550 inhabitants. Of the 83,000
inhabitants, 60% are on the east side in the Callejon de Conchucos and 40% are on the
west side in the Callejon de Huaylas (SERNANP 2011). The park is subject to heavy
pressure from surrounding communities. The Department of Ancash has 1,063,459
inhabitants (529,708 males, 533,751 females) and of those, 682,954 are urban dwellers
and 380,505 are rural (INEI 2007). The major urban clusters around the park are Huaraz,
Caraz, Yungay, Carhuaz, Recuay, Catac, Chavin, San Marcos, and Huari. There are
approximately 267,000 people in the western Callejon de Huaylas and roughly 100,000 in
the eastern Callejon de Conchucos (Mark et al. 2010). Most of the commercial activity
and population is centered in Huaraz, the 2™ largest regional city and departmental
capitol of Ancash. The regional economy is dominated by mining, commercial services,
tourism, and manufacturing. Agriculture is an important component of the departmental
economy; the major crops are potatoes, sugar cane, yellow corn, alfalfa, maiz choclo
(large kernel corn), asparagus, and rice. Tourism is an important economic driver in
Ancash: there were 944,100 tourist visits in 2011 and of those, 3.5% were foreigners
(Banco Central de Reserva del Peru 2014).

In contrast to departmental trends, people living in and around the park are mostly
engaged in smallholder agricultural production. Most livelihoods are dependent upon

water and natural resources for agriculture and livestock production (Mark et al. 2010).
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Livelihoods are based on diversified production strategies that include subsistence
agriculture, pastoralism, mining and industry, tourism, and wage labor. Households often
engage in a variety of these strategies to diversify income sources, satisfy basic needs,
and strengthen resiliency (Lipton 2008). As stream discharge becomes more variable,
following glacier recession and households must rely on unpredictable water sources.
Accordingly, households are adding new diversification strategies — migration and
remittances — to offset economic losses and increased risk. Migration to urban centers
such as Chimbote and Lima permits younger household members to remit money to
family members in the highlands. As a result, demographics are shifting and there is now
a higher concentration of elderly people and fewer working-age people (Wrathall et al.

2014).
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Chapter 3: Tropical Mountain Wetlands Shifting Through Space and
Time

INTRODUCTION
Home to the world’s largest concentration of tropical glaciers, Peru’s Cordillera

Blanca mountain range is a research node for investigators seeking to evaluate not only
glacier recession, but also the coupled social and biophysical changes that are occurring
(Young and Lipton 2006; Mark 2008; Chevallier et al. 2011; Bury et al. 2013; Carey et
al. 2014; Wrathall et al. 2014), although there are many important research topics that
have not yet been addressed. Tropical mountain wetlands that are downslope from and
spatially proximal to glaciers are an ecosystem that should be in theory responding to
glacier recession. The term wetland is used inclusively here to refer to highly organic
fens and bogs as well as to minerogenous wet meadows.

The goal of this chapter is to characterize the spatial distribution of wetland
change within Huascaran National Park (HNP) for a 23-year period (1987 - 2010) using
remotely sensed data. To accomplish this goal, the chapter will begin with a brief
exploration of overall landscape transformation before detailing wetland change.
Understanding the broader context of change on the landscape level inside the park
boundary is necessary in order to understand finer scale changes occurring in wetlands.
After the landscape context, the chapter then focuses on wetland spatio-temporal
heterogeneity by exploring trajectories of change based on landscape ecology metrics,
including rates of change, and gains and losses for five time steps between 1987 and
2010. The findings highlight the importance of prioritizing wetland conservation and

minimizing disturbance in order to maintain ecosystem integrity and carbon stores.
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Landscape ecology, a discipline that connects spatial patterns and ecological
processes (Turner and Gardner 2015), provides the theoretical framework for this chapter
by applying the patch-corridor-matrix paradigm to land cover classes in the study area.
The unit of analysis is the individual wetland, which is considered a patch in the puna
matrix. Vegetation inside the park is a mosaic of high Andean plant communities, but
dominated by grasslands called puna. Embedded in the puna matrix, wetlands form
patches along valley floors. Using thematic products (categorical data) derived from
Landsat TM imagery, | quantify spatial heterogeneity over a 23-year period. This
longitudinal panel approach facilitates a temporal trajectory analysis in which trends or
profiles of change can be constructed from landscape metrics (Crews-Meyer 2002, 2006).
From these change trajectories ecological processes can be inferred. How the spatial
configuration and composition of patches (and landscapes) change over time allows
landscape ecologists to evaluate ecological structure and function (Kupfer 2011).

Central to landscape ecology is the role of disturbance, a key driver of spatial
heterogeneity over time (Turner and Gardner 2015). A disturbance is defined as a discrete
event that affect ecosystems, communities or population structures by causing changes in
resources, substrate availability, or the physical environment (Pickett and White 1985;
Chapin, Folke, and Kofinas 2009; Turner and Gardner 2015). Disturbances create and
respond to spatial pattern at multiple spatial and temporal scales (Turner and Gardner
2015) and can be considered as presses or pulses (Collins et al. 2011). Wetland

disturbances may stem from anthropogenic or natural sources (or combinations of both)
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and often result in hydrologic interruptions that change ecosystem properties (Keddy
2010).

Regarding anthropogenic disturbance, Sluyter (1994) noted that geographers have
led the way exploring the relationship between humans and wetlands, particularly in
Latin American agricultural production where farmers drained wetlands to optimize soil
moisture for maximum crop growth. In the Ecuadorian and Peruvian Andes, wetlands
have been transformed for potato, tuber, maize and grain production, known as raised
fields (Knapp and Denevan 1985; Turner Il and Denevan 1985; Zimmerer 1991, 1994).
Working in what is today southern Mexico and northern Central America, geographers
have investigated upland and coastal wetland soils and water chemistry for evidence on
ancient Maya adaptations to environmental change (Beach et al. 2009; Luzzadder-Beach
and Beach 2009). Maldonado Fonken (2015) and Salvador and others (2014) identified
human disturbance that negatively affect high Andean wetlands in Peru centered around
resource extraction. Overgrazing, peat harvesting for cooking and heating fuel, mining,
dam construction, and road construction form the dominant processes interrupting
wetland functioning (Salvador, Monerris, and Rochefort 2014; Maldonado Fonkéen 2015).
One exception to this is in the south central Peruvian highlands, where human activities
have actually helped create wetlands through canals that divert water to low-lying areas
(Postigo, Young, and Crews 2008). Based on field observations during the summers of
2011-2014, the following anthropogenic activities were noted as disturbances directly
affecting wetlands: overgrazing, trekking, camping, ditch construction and maintenance,

and mining (limited to a few valleys). In other parts of Peru, protection provided by the
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government minimizes anthropogenic disturbances (Salvador, Monerris, and Rochefort
2014; Maldonado Fonkén 2015).

In terms of natural disturbances, this chapter focuses on the effect of long-term
climate-driven disturbance — glacier recession — on wetlands inside the park. Climate
change is expected to affect wetlands in significant ways (Keddy 2010). For example,
changes in precipitation patterns, and more extreme climatic events will impact wetlands
by changing hydrologic processes (Mitsch and Hernandez 2013). Climate change is
predicted to trigger “variations in the structure, pattern, process, and function of wetlands
by modifying temperature, hydrology, biogeochemical cycles, evapotranspiration, and
shifting species distributions, altering community structures and species interactions”
(Junk et al. 2012, 161). Because wetlands and climate are so closely linked via
hydrologic processes, any changes in climate will alter not only wetland biodiversity, but
also their extent and spatial distribution (Charman et al. 2008).

Within this context of anthropogenic and climate-related disturbances, | have
identified four possible alternatives that could characterize spatio-temporal wetland
change in HNP. The four alternatives combine concepts assembled by Bogaert and others
(2004) from the landscape ecology literature. They identified ten common spatial
processes and patterns in landscape transformation (Figure 3.1). The possible alternatives
are as follows:

1) Wetland area could increase and patches could coalesce through the process

of aggregation;
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2) Wetland area may decrease and patches may undergo combinations of
attrition (disappearance), deformation (change in patch shape, but not size),
dissection (sub-dividing patches into smaller patches that are roughly
equidistant), fragmentation (sub-dividing patches into unevenly separated
patches), shrinkage (reduction in patch size, but without attrition) or
perforation (formation of openings within patches);

3) Wetlands may experience stasis (no change in area) with patches persisting
through time; and

4) Wetland area may change in a nonlinear fashion and exhibit combinations of
land transformation processes. This alternative takes into account the
possibility that combinations of all the land transformation processes may
occur over the period of study. The spatial transformation processes may not

be mutually exclusive between 1987 and 2010.
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Probable
occurrence in HNP

Time 1 Time 2

wetlands
Aggregation .. Not likely
Attrition - - Likely
1
Creation - Not likely
B
B
Deformation - Likely
Dissection - Likely
Enlargement . Not likely
_

Figure 3.1. Ten spatial processes in land transformation. Redrawn by the author
from Bogaert et. al 2004.
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Fragmentation . I Likely
il
Perforation E Likely
Shift - Not likely
Shrinkage Likely

Figure 3.1. Continued. Ten spatial processes in land transformation. Redrawn by
the author from Bogaert et. al 2004.

A review of the literature addressing spatial changes in high altitude wetlands
shows that all four alternatives outlined above have been observed. In the case of
expanding wetlands, Postigo and others (2008) reported that wetlands in central Peru
expanded from 230 km? in 1990 to 983 km? in 2000, or 327%. Local livelihoods depend
on sheep, llama, and alpaca herding; of these three livestock species, alpaca are adapted
to grazing in wetlands. To benefit their alpaca herds, local communities build canals that
flood soils that then expand wetland cover. In China’s Altay Mountains, peatland area is
increasing due to temperature and precipitation increases. Peatlands were 931.5 km? in

1990 and expanded to 977.7 km? in 2010, a 5% increase over 20 years. The authors
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theorize that melting glaciers could have contributed elevated hydrologic input to
peatlands causing growth (Li, Xu, and Zhao 2014).

In an assessment of the vulnerability of tropical Andean ecosystems to climate
change, Young and others (2011) predict that high altitude wetlands may shrink and
disappear altogether following glacier recession. Bury and others (2013) showed that
wetlands in the Quilcayhuanca valley in HNP decreased by 17% from 2000 to 2011 and
became fragmented, presumably due to glacier recession and altered hydrology. Nie and
Li (2011) measured change in high mountain wetlands near Mt. Everest in China. They
found that wetlands measured 1678.8 km? in 1976, 1679.0 km? in 1988, and 1663.5 km?
in 2006, equating to a 15.3 km? or ~1% decrease in total. Because some wetland
increased, the total area of change (increase and decrease) added up to 94.5 km? or 5.6%
between 1976 and 2006. Increases in temperature and decreases in precipitation are
believed to be driving wetland change (Nie and Li 2011). In the Ruoergai Basin in
northeastern Tibet, peatlands have been shrinking since the 1960s according to Li and
others (2015). They speculate that ditch construction designed to drain peatlands
accelerated erosion leading to losses in peatland connectivity (Li et al. 2015). In another
study by Jiang and others (2014), wetlands along China’s Heihe River exhibited
significant fragmentation and perforation from 1975 to 2010; core wetland area decreased
by 42.5%. The authors credit fragmentation and wetland loss to the combination of
human activity and climate change (Jiang et al. 2014).

Peatland change in area may also be non-linear and can contain surprises as

evidenced in paleoecological records. Peatland responses to climate change are not
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expected to be smooth and monotonic (Charman et al. 2008). Peatlands in the Zoige
Basin on the eastern Tibetan plateau have shown patterns of decreasing and increasing
area over a 20 year period. In 1990, peatland area was 4143 km?, decreased to 3407 km?
by 2000, and increased to 3589 km? in 2009. Changing temperatures and precipitation do
not appear to be the cause; instead, a combination of factors explains nonlinearity.
Growing populations increased demand for peat fuel mining and peatlands were drained
to expand pasture for livestock grazing. In the late 1990s, protected areas were
established and grazing areas were abandoned allowing peatlands to recover (Yao et al.
2011).

Ecosystems can exhibit persistence, or stasis through time that can be informative
because they are locations of stability and resilience. Stasis (no change) may be caused
by the absence of a driver of change and it may also be the result of two forces acting in
opposition. Together, they may cancel each other out in terms of total area affected
(Young 2008). In an example from wetlands on the Tibetan Plateau, Gao and others
(2012) reported a net loss of 599 km?from 1994 to 2001. In 1994 there were 6780 km?
and by 2001 wetlands had decreased to 6181 km?. Some 4988 km? persisted and those
were found on slopes from 2-9° (Gao, Li, and Brierley 2012).

Building on the studies reviewed above, this chapter uses similar methods
including remote sensing, GIS, landscape ecology metrics, and rates of change to
characterize spatio-temporal wetland heterogeneity. Whereas the seven studies above use
satellite imagery from 2 or 3 acquisition periods (with the exception of Jiang and others

(2014) who used 5 dates), this work uses 6 acquisition periods to ascertain a higher

58



temporal resolution between 1987 to 2010. In and around the Tibetan Plateau, analysts
using optical satellite imagery are faced with frequent and extensive cloud cover, a factor
that has been a formidable challenge (Nie and Li 2011; Zhao et al. 2015). The effect of
cloud cover has been reduced here by using only dry season imagery that is relatively
cloud-free. An added benefit of exclusively using dry season acquisition dates is that
phenological differences are minimized. An improvement to the previous studies is the
application of ten distinct landscape transformation processes (Bogaert, Ceulemans, and
Salvador-Van Eysenrode 2004) to characterize possible wetland spatio-temporal
heterogeneity. Most authors focus on modifications to wetland area and only one author
describes fragmentation (Jiang et al. 2014); however, wetland changes exhibit variations
in spatial pattern that involve additional transformations that merit a more detailed
framework such as the one published by Bogaert and others (2004). Finally, this chapter
improves on the literature reviewed above by calculating net contributions to wetland
change from other land cover classes using an approach published by Schulz and others
(2010) to evaluate trajectories of forest change. Therefore, this chapter builds on
previous work in high mountain wetlands by utilizing similar methods, but makes
advances by incorporating techniques and approaches that have never before been

applied to these unique ecosystems.

DATA AND METHODS

In this chapter, methods involved a two-stage process beginning first with a pixel-
based image classification followed by calculation of the pattern metrics. A series of six

Landsat TM images were downloaded from the USGS (http://glovis.usgs.gov) for 1987,
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1990 1995, 1999, 2005, and 2010; each of the six time periods is comprised of two
scenes (path-row 8-66, 8-67; Table 3.1). The earliest cloud-free image available is in
1987. Attempts were made to space images in roughly 5 year increments to capture
landscape change on regular intervals, but in the case of 2000 cloud cover was extensive
SO0 it was necessary to use 1999. After June 2012, limited acquisitions were made by
Landsat TM and the sensor was decommissioned in June 2013
(http://landsat.usgs.gov/L5_Decommission.php). In keeping with the attempted 5-year
increment, the final image selected was 2010. To minimize the effects of intra-annual
vegetation phenology all scenes used occur in the dry season (June, July, August).
Although there are higher spatial resolution images available (i.e. SPOT, ASTER,
GeoEye), the Landsat TM sensor has the longest series of earth observation images
available, spanning ~30 years (http://landsat.usgs.gov/about_landsat5.php). Additionally,
using only Landsat TM imagery allows the analyst to capitalize on sensor continuity and
minimize cross-sensor and cross-platform effects (Jensen 2007). Images are Level 1T, a
processing level that provides systematic, radiometric, and geometric accuracy by using a
digital elevation model for topographic accuracy. The processing level is designed to
optimize the ability to complete data intensive multi-temporal earth observation studies.
Image-to-image registration is consistent across the dataset and is less than one-half of
one pixel (Hansen and Loveland 2012). Image geometry for the 6 time periods was
derived from the application of ground control points from the Global Land Survey 2000
(GLS2000) dataset. The GLS2000 is a library comprised of ground control points derived

from elevation data collected by the Shuttle Radar Topography Mission and other
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elevation datasets (Gutman et al. 2008). Consistent geometry is essential in mountain
areas because some topographic features are closer to the sensor than others, resulting in
image distortion (Weiss and Walsh 2009). In the study area, Burns and Nolin (2014)
previously showed that topographic correction did not systematically improve image
classification when using an index-based threshold selection because available digital
elevation models are error-prone; therefore additional topographic correction was not
applied. Atmospheric correction was not performed because analysis was performed
post-classification (Song et al. 2001; Jensen 2007).

Table 3.1. Landsat TM image acquisition dates. Each time period is comprised of two
scenes, path-row 8-66 and 8-67, both collected on the same date.

P-Drrirg)ed Acquisition Date
15 May 1987
10 July 1990
25 August 1995
20 August 1999
3 July 2005

18 August 2010

OO, WN B

Image classification was performed in ERDAS Imagine 2014. Two scenes (path-
row 8-66 and 8-67) for each date were mosaicked together. All 7 bands in 30 m spatial
resolution were used in the hybrid supervised-unsupervised classification technique
(Messina, Crews-Meyer, and Walsh 2000; Walsh et al. 2003), which has been used
elsewhere in the Andes to measure land change (Kintz, Young, and Crews-Meyer 2006;
Lipton 2008; Postigo, Young, and Crews 2008). The technique first employs an

unsupervised classification method (ISODATA) to cluster the spectral information into
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255 signatures. These signatures are then evaluated for separability using the transform
divergence method, removing signatures with low spectral separability (<1950). Next, the
edited signatures are applied in the supervised classification. The resulting files were
filtered with a 4x4 pixel window to remove speckling. Adding ancillary data improves
the accuracy of difficult-to-classify wetlands (Ozesmi and Bauer 2002; Adam, Mutanga,
and Rugege 2009); a near infrared-red band ratio (Landsat TM bands 4 and 3)
supplemented the classification. Lake color variation is wide in the images due to
differing amounts of suspended glacial flour. These variations resulted in poor
classification of the water bodies by the hybrid method. Attempts to improve lake
classification using the Normalized Differential Water Index (NDWI) were also
ineffective; therefore lake borders were manually digitized for each of the 6 time periods
using the GLIMS dataset as a base layer (http://www.glims.org/). Known for its glacier
inventory, the GLIMS dataset includes some lake features (Kargel et al. 2014). The
thematic files for each date were finally coded into 7 land cover types: Barren, Puna,
Wetland, Snow/Ice, Water, Shadow, and Cloud (refer to Table 3.2 for descriptions; there
are no towns and very few built structures thus a “Built” class was omitted). These
classes were modified from other land cover studies completed in the area (Lipton 2008;
Silverio and Jaquet 2009), permitting comparisons. From this point onward, “Wetland”
will be used to refer to the land cover class analyzed in this chapter, whereas “wetland”

will be used to apply more broadly to the ecosystem.
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Table 3.2. Seven land cover classes and descriptions.

Class Description
Barren Exposed geologic substrate void of vegetation
Puna Tussock vegetation of bunch grasses and forbs

admixed with patches of high Andean woodlands
(i.e. Polylepis, Gynoxis, Baccharis) and woody
shrubs.

Wetland  Zones where mesic conditions occur seasonally and
permanently. Vegetation adapted to standing water
or saturated soils. Includes peatlands (bogs and
fens) and minerogenous wet meadows.

Snow/Ice  Areas covered by permanent snow and ice

Water Primarily pro-glacial lakes, open water

Shadow  Shadow created by the sun angle and extreme
topography typical in mountainous areas

Cloud Atmospheric clouds or thick haze that obscure
carth’s surface

Accuracy assessments were performed on two of the six images: 1999 and 2010.
Ideally, accuracy assessments would be performed on all images, but reference data that
met accepted criteria (higher spatial resolution, acquired at approximately the same time
of year, and with the same spectral resolution) were unavailable for all the time steps. A
trial accuracy assessment for the 1987 image was performed using SPOT 1 imagery (4
scenes, acquired 28 May and 2 June 1987, 20 m spatial resolution, 2.3° incidence angle).
The accuracy statistics for this trial were relatively poor (overall accuracy 65% and
overall Kappa 60%) for two reasons. First, cloud cover and topographic shadow in the

SPOT image differed from those in the Landsat image and introduced significant error in
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these two classes affecting the overall and kappa measurements. The combination of high
topographic relief and the off-nadir viewing angle create extensive shadows in the SPOT
1 image. Second, SPOT 1 and Landsat TM spectral resolutions are dissimilar. SPOT 1
collects in three spectral bands (green 500-590 nm, red 610-680 nm, and near-infrared
780-890 nm) and offers a panchromatic band from 510-730 nm (10 m spatial resolution).
In contrast, the Landsat TM sensor collects seven spectral bands (blue 450-520 nm, green
520-600 nm, red 630-690 nm, near-infrared 760-900 nm, near-infrared 1550-1750 nm,
mid-infrared 2080-2350 nm, and thermal 10,400-12,500 nm at 120 m spatial resolution).
Wetlands can be distinguished using the red and near-infrared bands (Ozesmi and Bauer
2002; Adam, Mutanga, and Rugege 2009) and the sensor band differences between SPOT
and Landsat mean that wetlands appear differently, thus confusing the accuracy
assessment. Consequently, the decision was made to use reference data exclusively from
the Landsat ETM+ sensor, which share spectral similarities with Landsat TM. Landsat
ETM+ offers a 15 m panchromatic band. In the case of 2010, the reference data were
from the global Web-Enabled Landsat Data (WELD) project
(http://globalweld.cr.usgs.gov/index.php), which produces cloud-free monthly, seasonal
and annual composite images at 30 m spatial resolution. A WELD image from August
2010 was selected to correspond with the 2010 thematic image. Even though the WELD
products do not have a spatially higher resolution, it was decided that some accuracy
measurement was preferable to none. Reference data features are summarized in Table

3.3.
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Table 3.3. Reference Data Summary.

1999 2010
WELD (Landsat TM
Sensor/Product Landsat ETM+ and ETM+)
L August 2010
Acquisition Date 11 July 1999 composite
Spectral Panchromatic Band 1 520-600 nm
Resolution 520-900 nm Band 2 630-690 nm
Band 3 780-860 nm
Spatial Resolution 15m 30m

Calculation of the Wetland pattern metrics for each of the 6 time steps was
performed using FRAGSTATS version 4.2 (McGarigal et al. 2012) with the 8-neighbor
rule specified, equating to a minimum patch size of 7200 m? or 0.72 ha. Because many
pattern metrics are highly correlated (Turner, Gardner, and O’Neill 2001; McGarigal
2015), only several key metrics were selected (Table 3.4) based on prior use in wetlands
and ability to characterize fragmentation, patch shape, and connectivity (Torbick et al.
2006; Zhang et al. 2009; Zhao et al. 2009; Kelly, Tuxen, and Stralberg 2011; Nie and Li
2011; Tovar, Seijmonsbergen, and Duivenvoorden 2013; Jiang et al. 2014; Liu et al.
2014). Annualized rates of change were computed for each time period and for the 1987-
2010 period using a formula presented by Puyravaud (2003) and applied by Schulz et al.
(2010) and Tovar et al. (2013) for purposes similar to this study. The annualized rate of
change is derived from the Compound Interest Law and is calculated as follows:

r=(1/(t2—t)) x In(A2/ Ay)
where r is the annual rate of change, t, is the second time period, t; is the first time

period, A; is the area of the land cover class in tp, and A; is the area of the land cover
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classint;. A GIS (ESRI ArcGIS 10.2 and Clark Labs Land Change Modeler) was used to

evaluate the extent of changes among classes for each time step.

Table 3.4. Class metric descriptions for Wetlands adapted from (McGarigal 2015).

I(\,/IAitrr(;f]ym) Description (unit)

Wetland Area Amount of Wetland area (hectares).

Wetland Sum of the area of all Wetland patches divided by total landscape
Proportion area and multiplied by 100 (percent).

(PLAND)

Number of Total number of patches in the landscape (no unit). NP is a
Patches (NP) simple measure of the extent of fragmentation.

Mean Patch Area  Average Wetland patch size (hectares).

(AREA)

Total Edge (TE) Sum of the lengths of all Wetland patches (meters). TE is an
absolute measure of edge length. TE increases with increasing
fragmentation.

Euclidean Nearest Distance to the nearest neighboring Wetland patch based on

Neighbor (ENN)  shortest edge-to-edge distance measured from cell center to cell
center (meters). Used to quantify patch isolation.

Shape Index Equals patch perimeter divided by the square root of patch area

(SHAPE) and adjusted by a constant to adjust for a square standard.
Measures the complexity of patch shape compared to a standard
shape (square) of the same size (no unit). Range is > 1 without
limit. SHAPE is a measure of shape complexity.

Cohesion Index Equals 1 minus the sum of patch perimeter divided by the sum of

(COHESION) patch perimeter times the square root of patch area for patches of
the corresponding patch type, divided by 1 minus 1 over the
square root of the total number of cells in the landscape and
multiplied by 100 to convert to a percentage (no unit). Quantifies
the connectivity of habitat as perceived by organisms dispersing
in binary landscapes. Ranges from 0 — 100. Cohesion increases as
the patch class becomes more physically connected.

Core Area Mean patch core area. The interior area of Wetland patches after

(CORE_MN) an edge buffer is eliminated. Two edge buffers of 10 m and 50 m
were specified because the edge effects in peatlands are
unknown.
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RESULTS

Accuracy Assessment
Overall classification accuracy for the 1999 image was 91.5% and kappa was

89.8% (Table 3.5). Classification accuracy for the 2010 image was 78.49% overall and
Kappa was 74.23%. Although the 2010 assessment values are less than the desired 80%
benchmark, Producer’s and User’s accuracies were greater than 80%, with the exception
of the Producer’s value for Puna, which was 58%; Producer’s and User’s accuracies for
Shadow were 70.59% and 41.86% (Table 3.5). Producer’s accuracy is a measurement of
omission, or the probability that a reference pixel is correctly classified. User’s accuracy
is a measurement of commission, or the probability that a classified pixel matches the
same reference pixel. Differences in Shadow between the WELD product and the
classified image lowered the overall and kappa values. Most of the confusion occurred

between Shadow and Puna and Wetland (refer to Appendix 2 for confusion matrices).

Table 3.5. Accuracy Assessment results.

1999 2010
Class Producer’s (%) User’s (%) | Producer’s (%) User’s (%)
Barren 89.36 84.00 81.82 79.75
Puna 83.78 93.00 58.00 80.56
Wetland 97.62 82.00 80.00 80.00
Snow/Ice 89.09 98.00 85.71 100.00
Water 98.99 98.00 98.67 96.10
Shadow 92.16 94.00 70.59 41.86
Overall (%) 91.50 78.49
Kappa (%) 89.80 74.23
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Overall Landscape Transformations
In order to understand Wetland change, it is necessary to first explore the larger

context within which it is occurring. The results of overall landscape transformation
reveal not only that numerous changes are occurring to land cover classes individually,
but also that there are interactions among these classes. Because the focus of this chapter
is on Wetland change, a comprehensive in-depth analysis of landscape transformation is
beyond the scope of the chapter. In this section, | present a brief summary of overall
landscape change that provides an overview of land cover dynamics inside the park. The
results of the overall landscape change are large and warrant dedicated treatment in a
separate manuscript. Doing so would fully address the many changes and complex
interactions among classes. All metrics for all classes are reported in Appendix 3.
Following this section, | present Wetland results.

Table 3.6 and Figures 3.2, 3.3, and 3.4 report landscape composition through
time. The results show that the HNP matrix is Puna, a class that includes Andean
grasslands, shrublands and woodlands. Puna dominates the landscape composition and
accounts for 151,418 — 193,867 hectares between 1987 and 2010, or 44.5 — 56.9% of the
overall landscape. The second largest class is Barren, or exposed geologic substrate,
occupying 53,309 — 95,172 hectares, or 15.6 — 28.0% of the landscape. Third is
Snow/Ice, which ranges from 45,850 — 68,905 hectares, equivalent to 13.5 — 20.2% of the
landscape. Wetland is the fourth largest land cover class ranging from 12,402 — 15,703
hectares, or 2.0 — 4.4% of the landscape. Water, representing pro-glacial lakes, ranges

from 2421 — 2854 hectares, or 0.7 — 0.8% of the landscape.
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Figure 3.2. Classified images for all 6 time steps.
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Table 3.6. Class areas over time (hectares).

1987 1990 1995 1999 2005 2010
Puna 180,252 151,418 187,679 177,281 156,704 193,867
Snow/lce 68,905 59,955 55,961 55,327 49,512 45,850
Barren 53,309 90,604 64,384 82,335 95,172 63,781
Wetland 12,402 13,985 13,858 15,703 14,166 6821
Water 2421 2392 2488 2649 2790 2855
Shadow 21,394 22,170 16,328 7899 21,286 27,486
Cloud 1849 0 0 0 918 0
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Figure 3.3. Class areas for the 6 time periods expressed in hectares. Shadow and Cloud
are omitted.
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Figure 3.4. Landscape composition for the 6 time periods expressed as proportions.
Totals are <100% because Shadow and Cloud are omitted.

Between 1987 and 2010, the land cover classes in HNP exhibit varying rates of
change for each of the five time steps (Figure 3.5). The largest magnitudes of rates of
change occur in the Barren and Puna classes, both experiencing increases and decreases
in area throughout the 23-year period. Annualized rates of change also increase and
decrease during each time step; Barren rates of change range from -8.0% to 17.7%,
whereas Puna ranges from -5.8% to 4.3 (Figure 3.5). Changes in Barren and Puna are
closely linked and are likely coupled to decreasing Snow/Ice cover (see Discussion).
Figure 3.6 illustrates the relationship between Puna and Barren, with synchronous
increases and decreases during each time step.

Snow/Ice decreased by 33% over the study period from 68,905 to 45,850 ha
(Table 3.6). Rates of change are consistently negative and are -1.8% per annum, varying
between -0.3 to -1.9% (Figure 3.5). These results are 