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Abstract

Abstract

The Ecuadorian paramecosysters play an important role in providing the local population
with drinking water, irrigation, hydropower generation, carbon storage, and agricultural
production. In Ecuador, paramo vegetation hasffered significantdegradation and loss due

to land use change. Thigas had a major impact on the capability of the ecosystenresist or
adapt to external pressures such as climate chafiges researchaims to understandhe
effects of climate change on the Ecuadorigdramo ecosystemsand the potental

consequences on thecosystem services they provide

This studyappliesstate-of-the-art techniques to evaluate: a) the impact of climate change on
the climatic niche distribution of the paramo ecosystems based on fugmeenhouse gas
concentration senarios; b) the amount afarbon stored in both soil and vegetation fkey

types of paramo ecosystemand clthe future exposure of the Ecuadorian paramos to land
use pressures, considering climate as a determining factor for increases or decreases in

the farming frontier

The research show thah 30 (2050) to 50 (2070) years, paramo ecosystems with isolated or
restricted distribution could suffer significant niche contraction (>60%) or niche extinction
(100%), while ecosystems with a broad distribnteEeem less vulnerable (<60%). The carbon
(C) estimates showhat C in soils could vary fro8v.7 to 278.9 ton C/ha, while in vegetation
could range from 5.3 to 8.9 ton C/ha in grassland and shrubland vegetatio®6aB32.4ton

C/ha in forest. Soil C gick is influencedby altitude and climatic conditions such as
precipitation and temperatureThe farming frontier could increase in 23% (2050) to 35%
(2070) towards and within the paramo areasnost of them occurring in areas without
protection (16%21%) This study reveals considerable challenges for the future of the
Ecuadorian paramo, highlighting the need to implement adaptation strategies in these natural

areas.
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Chapter |

Chapter |
General Introduction

1. Introduction

The tropical Andes are characterized by containing a mosaic of ecosystems with an
extraordinary biological and cultural diversitjosse et al., 2009The complex topography of

the region results in diverse physical conditions that create unique hal{itéasengo et al.,
2009) For more than 10,000 years, the wielling of human populations has been linked to

the functioning of tropical Andean ecosystems. At present, millions of people depend on the
Andean ecosystems as a source of fresh water, food, cultural importance, ecosystem goods,
and serviceqJosse et al., 2009Recently, in the tropical Andes, ranges of natural climatic
variability have been recorded that excedte historically documented thresholdgnderson

et al, 2017) In turn, there is concern about the general warming trends that are occurring and
their implications for the integrity of the ecosystems and the human populations that depend
on them. This study focuses on one of the most vulnerafitdean ecosyems known as

paramos.

The paramo ecosystentonsist ofneo-tropical alpine vegetatiomangingfrom Colombia to
northern Peru along the Andes regiagenerallyabove 3,500 m.a.s(Buytaert et al., 2005b)
These ecosystems are characterized by high endemisnd diversity of their
tropicalhighmountain flora whichare linked to theirevolutionary hisory (Hooghiemstra et
al., 1995) The gradual rise of the Andes and the effects of glacial cyinlddiocene and
Pleistocene perioslshaped this landscap@looghiemstra et al., 1995The paramo landscape
consists of uneven plains and valleys of glacial origih avigreat variety of lagoons, wetlands
and wet meadows(Mena and Ortiz, 2006)The paramo vegetations dominated by
herbaceous and shrublyyiants communitieslocated between the upper limit of the Andean

forest and the perpetual ©sw (Molinillo and Monastrio, 2003; Hofstede et al., 2014)

The paramo regioprovides important ecosystem services for all Andean populations including
water provision and regulation, carbon storage and livestock production, among others
(Hofstede et al., 2003; Hofstede et al., 201%he paramo vegetatioconstitutes the main
source of water for the highlands of the AndéBuytaert et al., 2006b)In fact, hese
ecosystems are considered the main source of water for the Andean region of Colombia and

Ecuador and to a lessewxtent also of Venezuela and Per(Buytaert et al.,, 2006a)The
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vegetation functions as giant sponge, storing and releasing water during the year, thereby
ensuring the provision of wateturingdry periods in Anean regiongBuytaert et al., 2005b)
This property is mainly due to the large accumulation of organic matter and the morphology of
paramo plants(Mena et al., 2000)These plants are characterized the predominance of
small thick leaves with abundant trichomavhich favour ater accumulationLlambi et al.,
2012) Paramosoils are capable akgulating water flowfrom precipitationand snow melting
from the glacierdMena et al., 200Q)allowing their permanent uséor irrigation, hydropower
generation, and agricultural productiofEmith and Cleef, 1988; Mena and Hofstede, 2006;
Hofstede et al., 2014; Malagén and Pulid60@). Due to te great accumulation abrganic
matter in soilsfavoured by the cold and humid climate as well as by the low atmospheric
pressure(Buytaert et al., 2006bXhe pAramo ecosystem isonsideredas a globally important
reservoir of organic carboand anatural mitigator of climate changgWinckell et al., 1991,
Hofstede et al., 2014; Mena et al., 2000)

For decades, the Ecuadoriparamo ecosystem hasuffered significantlegradation and loss

due to intensive land uspressure and landonversiong KA OK Kl & RFYF3ISR (KS
biophyscal propertiesand reducingts capability toprovide andregulatewater, and tostore
carbon(Buytaert et al., 2011; Buytaert et al., 2005b; Buytaert et al., 2Q06®seimpacts are

likely to be exacerbated irhe future due to population growth, increases in living standards,
expansion of the agricultural frontier and intensification of livestock gra@uytaert et al.,

2011; Buytaert et al., 2006aJhese anthropogenicinterventions have causednot only severe

impact on the ecosystem services provision butéhalso reduced the ecosystencapability

to resist or adapt to extmal pressures such as climate char{igena and Hofstede, 2006;

Buytaert et al., 2006b; Hofstede et al., 2014)

Althoughthe effects of climate change have been widely documented in all continents over
the years,the published information is still scarce for the tropical Andasking forecasts
about the fate ofthe Andean ecosystems difficulerzog et al., 2012There is a high level of
uncertainty about the magnitude of the effects of climate change in Andean regions; however,
the impacts of this phenomenon are certainly exacerbated in high mountain ecosystems
(Beniston et al., 1997; Urrutia and Vuille, 2009; Solman et al., 2008; Marengo et al., [2009)
ecosystemswith highly specialized habitat, limited environmental tolerance amdigh
dependence onthe resources they provideas in the paramo ecosystemthe level of
vulnerallity to climate changeas high(Herzog et al., 2012)n theay, globalwarming and

changes in precipitation patterns could lead to diverseosystemresponses including
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tolerance and adaptation, migration to emerging gradients, or extinction duwentoability to

adapt or move(Herzog et al.,, @1, Parmesan and Yohe, 2003, Thomas et al., 2004)
Temperature increases, increased seasonality and reduction in precipitation due to climate
OKIFy3aS 02dz R I f &rolbgicdl fSrstionisi& thedewtd high @fdtration and
water storagelies in the slow decomposition @bil organic matterwhich dependglirectly on

cold weather and permanent humidityBuytaert et al., 2006b; Buytaert et al., 2009)
Influenced by future global warming, the capacity of paramo ecosystems to store and
sequester carbon from thatmospherecould be reducedransforming them into net emitters

of greenhouse gasde.g. C@Qand CH) (Herzog et al., 2012The magnitudeand consequences

of these change$or the ecosystem services provided by the paramo vegetagimpoorly

understood.

Understanding the factors that are causing changes in ecosystems and ecosystem services is
essential to design strategionterventions to minimize negative impact@Millennium
Ecosystem Assessment, 2005The evaluation ofecosystem services requires the
measurement, modelling and monitoring of ecosystem functions as a basis to promote the
sustainable use of biodiversity, ecosystems, and natural resources in gé@arpéenter et al.,

2009) Among the variety of methodological approaches aimed at exploring the functions of
ecosystems, biophysical models have excelled due to the multitude of uses for scientists,
managers, and policymalemwho investigate and govern natural procesgBsllocchi et al.,

2011) The biophysical models are considered the most objective and effective way to project
future ecological conseances caused by diverse drivers such as climate ch@iigawright

and Mulligan, 2005)for this reason, they were used as main basis for the analyses.

One of the main strengths of the models is the exploration of interactions and feedback of
natural and semnatural systems(Wainwright and Mulligan, 2005)which help identify
uncertainties in areas that lack knowledge. The accuracy of a model is determined, on the one
hand, by the authenticity of the algorithms used to describe the-veald processes and also

by the quality of the input data and the data used to evaluate the req@&dlocchi et al.,
2011) Sadly, in most places (such as Ecuador), modellers oftenwfeh deficient databases
because data monitoring is usually limited to a few points where the samples are collected and
analysed with some intermittent frequency affecting the robustness of the modi=#occhi

et al., 2011)
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Models are a simplification of a real natural system in which only the components that are
considered relevant to the problem in question are represenféthinwright and Mulligan,
2005) Consequentlypne of the main problems of the models is the exclusion of important
factors in their construction, including soeégonomic and political variables that could
influence future impacts and consequences on natural systems. Unfortunately, it is impossible
to model all the potential motive forces affecting natural systgsadjo et al., 2005)lue to
information constraints and since running complex modelsunexy resources so expensive

that relatively few countries (e.g. USA, UK and Japan) can afford(ttereen, 2005)

Models uncertainty is of great relevance in evaluating the impacts of climate cl{8eyen,
2007) Uncertainty could be caused by small errors in the input data that, although they do not
affect the adjustment of the model in the time frame for which historical data are available,
when they are extrapolated for longer periods of time they catddse significant deviations.

The uncertainty linked to model predictions is often ignored by scientists and decision makers,
or interpreted as a mere disagreement between experts; although, it is an important criterion
in decision makingBeven, 2007)With this in mind, this study endeavoured to reduce the
uncertainty surroundingclimate change projections available for the AndBsiytaert etal.,

2009; Tovar et al., 2018y using an ensemble approach based on two time horizons (2050 &
2070), two GHG emission concentration scenarios (RCP 4.5 & RCP 8.5) and several Global
Climate Models (GCMs). This decision allowed for the control of esratsuncertainties in

the individual modelgAradjo and New, 2007Models were also evaluated in terms of their
predictive capacity and validated by comparing the simulated data with the real observation

data as suggested by expe(Risbey et al., 1996; Pérdkaqueo et al., 2006)

Although models inevitably present limitations linked with sirigdl assumptions and
uncertainty(Wiens et al., 2009not using them is not really an option because it results better
than simply guessing what the future may hold and expect to be flyhen model limitations

are wellunderstood it is possible to make good use of th@ihittaker et al., 2005; Heikkinen

et al., 2006)Model based investigations could constitute an important source of information
by which scientists can interact and influence policy at local, regional, national, and
international levels. Models are also caesied beneficial in cases in which the collection of
primary data is costlyEigenbrod et al., 2010r limited, as in the case of Ecuador. In this
context, biophysical models were used to communicate the diverse trajectories &ramo
ecosystems could take in the coming decades due to climate change based on certain

assumptions. The generation of models in this study is considered a significant contribution
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that favoured the exploration of some of the aspects that are currentfjuemcing the

behaviour of pdramo ecosystems with results vealjusted to the empirical data.

This research was designed to contribute to the need for scientific information on three main
aspects related to some of the strategic ecosystem servicesdadwy the Andean paramo
ecosystems. In the first place, this study considers paramo biodiversity as a fundamental
element to support ecosystem servicéBalvanera et al., 2006; Hair¥sung and Potschin,
2018) It contemplateghat any alteration to the structural diversity of ecosystems can directly
influence the provision of environmental services, such as provisioning and maintenance of
habitat, reducing the resilience of ecosystems to environmental cha(gélennium
Ecosystem Assessment, 2005; Chapin Il et al., 2&ondly, the potential of paramo
ecosystems as providers of regulating services focused on their role as natural carbon sinks is
evaluated. From a socioenvironmental point of view, paramo ecosystems function as provider
of food was also analysed from the perspective of the impact that farming expansion could

have on these natural arealn this context, this study was focused:on

a) Predicting the impact of climate change on the climatic niche distribution of the eleven
types of paramo ecosystems existing in the Ecuadorian Andes, considering current
(19502000) and future (years 2050 & 2070) environmental conditions

b) Quantifyingthe carbon stocks, in both soil and vegetation fen key types of paramo
ecosystems located in the Andes of Ecuador, based on secondary information
compiled from literature generated oveblyears

c) Analysindguture changes induced by climate change in edaplmatic suitabilityfor
three common Andean crops (i.e. potato, soft maize, and quinas)indicators of

potential land use threats to the survival of the Andean paramo ecosystems

To provide a background tthe researchobjectivesand put the resuk in context, general
information about the paramo ecosystems is presented below. The following aspects are
included: theorigin of the Andeanparamo ecosystemscurrent spatial distribution of the
paramo ecosystems in the Andes, climatic conditions fdartie Ecuadorian Andes as well as
description of the eleven paramo ecosystems and paramo soils existing in Ecuador. Finally, an
explanation of the ecosystem services provided by the Ecuadorian paramo ecosystem, and the

anthropogenic pressures and the efte of climate change on the region are presented.
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2. Recent Frameworks on Ecosystem Services

Ecosystem services are understood as the benefits that functional ecosystems provide to
people(Millennium Ecosystem Assessment, 2005; Costanza et al.,. Td83)simple definition
appeared in the 1970s but it was not until the 1990s that it gained great momentum in the
scientific literature (De Groot, 1992; Costanza et al., 1997; Daily, 19P@jallel to these
events, the concept of natural capital was develo€dstanza and Daly, 1992; Jansson, 1994;
Dasgupta et al., 2000) Natural capital consider nemenewable resources, renewable
resources, and ecosystem services as the biophysical basis for social and economic
development(Common and Perrings, 1992; Arrow et al.,, 19986)e concept of ecosystem
services has continued to evolve over the yedsyd andBanzhaf(2007) for example,
AYOINRRddzOSR (KS O2yOSLIi 27 & T Ahy ledmpoefie éfe a i SY 3
nature, directly enjoyed, consumed, or used to yield humanbeeitg (Boyd and Banzhaf,
2007) Fishen(2008) contributed by separating ecosystem services into intermediate and final
services and beneft explaining that in accounting and valuation exercises only the benefits

generated by the final services can be aggregated, and hence, avoid double counting.

More recently, Braat(2013) stated that ecosystem processes and functions should not be

considered synonymous of ecosystem services. Ecosystem processes and functiothdshoul

understood as the biophysical relationships that exist independently of any benefit they may

offer to humanity. In contrast, ecosystem services are processes and functions that benefit

people, consciously or unconsciously, directly or indire(@saat, 2013) HainesYoung and

Potschin (2018) suggested to frame the concept of ecosystem services by differentiating
0SG6SSYY 0O aFAYLl € SO2aeadSy -amafunldok Grffigial dzy RS N&
contributions of ecosystems to human wbking;o 0 a¢SO2aéadsSy 3JI22R 2N LN
things that people create from these final services contributing to humanhedtig ; and c)
GoSYSTAGE (2 NBFSNI (2 Kdzv¥ly | 00Saa G2 &az2y$sS 32

producing welbeing.

Given the growng interest in ecosystem services, over time appeared necessary to facilitate
the discussion and systematic analysis of ecosystem services. Thus, in 2002, De Groot et al.
(2002) proposed a classification system specifying the relationship and transitions of
ecosystem processes and components and their transition to goods and. Later on, in 2005, the
concept of eosystem services was put into practice through the Millennium Ecosystem

Assessment (MEAMillennium Ecosystem Assessment, 2008) classifying the ecosystem
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services into four categories: provisioning, regulation, cultural and support. This classification
included both those direct contributions to human wellbeing from the biotic and geotic
structure ofecosystems, such as food or water (provisioning services); indirect contributions to
human wellbeing from the functioning of ecosystems, such as water regulation or air
purification (regulatory services), soil formation, photosynthesis and nutrient ngycli
(supporting services); and nanaterial and intangible contributions that society obtains
through direct experience with ecosystems and biodiversity, such as sacred sites or recreation

(cultural services]De Groot et al., 2010a; Millennium Ecosystem Assessment,.2005)

Various classifications of ecosystem services have been developed since the MEA, launched by
the United Nations Environmental Programme (UNEP) and criticizewfdraving considered

the economic aspects of ecosystem char({@e Groot etal.,, 2010b) Thus, in 2008, the
Economics of Ecosystems and Biodiversity (TEEB) @rutgpean Communities, 20083n
important European initiative, proposed a framework considering the global economic
benefits of biodiversity, highlighting the increasing costs of biodiversity losseeoslystem
degradation(De Groot et al., 2010b; Balmford et al., 2008; Ring et al., 20@yadays,
conceptual frameworks continue to develop, such as the Common International Classification
of Ecosystem Servicd€ICES) proposed by the European Environment Agency (EEA). CICES
focuses on developing a hierarchically consistent, and scibased classification to be used

for ecosystem mapping and accounting purpogdainesYoung and Potschin, 2018pther

similar approaches like the Final Ecosystem Goods and Services Classification System (FEGS)
developed by the U.S. Environmental Protection Agency have also emérfgjsdAmerican
initiative is focused on providing a foundation for measuring, quantifying, mapping, modelling,

and valuing ecosystem services applicable at multiple s¢@lestanza et al., 2017)

Until now, there is no agreement about the adequate difigtiation between ecosystem
functions and services, and their appropriate classification and quantificébaily, 1997;

Boyd and Banzhaf, 2007; Wallace, 2007; Fisher et al., 2D@ussions continue around the
place of biodiversity in the framework, the adequate differentiation of ecosystem from
landscape functions and services, the way of valuing services provided by natural systems
versus those cultivated (e.g. fish from the ocean versus fish from aquagultanel the

dzy RSNR G YRAY 3 2 F(PétegSbba Bt aldZ2088)r "Lalzyl hétian2(Fakker and
Veldkamp, 2008; Verburg et al., 200®yhere the latte combines functions, services and
benefits (De Groot et al., 2010apespite some differences in the details, the classification

systems that have been proposed worldwide in the last twenty one years are very similar and
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have not deviated significantly from the origing$t of ecosystem services suggested by
Costanza back in 199Costanza et al., 2017 would appear that it is time to accept that no
classification is capable of capturing the many ways in which ecosystems support human life
and contribute to human welbeing (De Groot et al., 2010bHowever, for an ecosystem
assessment on a @al scale, having terminology and standard classifications remains a
necessityDe Groot et al., 2010b)

3. The Origin of the Andean Paramo Ecosystems

The entire flora located in Andean habitats above the treeline, is presumed to be very young
and derived from habitats located in lower altitudéSimpson, 1983)t is believed that the
floristic differences in the vegetation of the Anda® due to the reception gbropagulesrom
different regions of the world andhe different rates of survival ofmmigrant species
(Simpson, 1983)The northern Andes received a more diverse range of settlers than any other
high-altitude region across the Andes providing more suitable habitats for species
estaldishment and survivalSimpson, 1983)3veralplant species that colonized the Andean
habitats experienced autochthonous radiation, causing endemic spetiatithin certain
habitat groupgSimpson, 1983)n the specific case of the paramo flora, its evoluti@as been
determined by itdgertiary volcanic history as well as by biophysical factors such as geographic
isolaion, moisture regimes, mother rock substrates (igneous over metamorphic), habitat
diversity and human influendg&impson, 1974; Vuilleumier and Monasterio, 1986; Luteyn and
Balslev, 1992)The high diversitiand endemism of the paramo floria directly linked to its
evolutionary history caused by the gramluascent of the Andes and glacial evettst
occurred during the Pliocene and Pleistocene perifidsoghiemstra et al.,, 1995; Van der
Hammen and Cleef, 1986)

During the glaciations, the p@mo vegetationlocated in the Northern Andes, became more
diversecompared tomountainous flora located ahg the Southern Ande&Simpson, 1983)

The climatic events during the Pleistoceneera significantly influenced the levels of
autochthonous speciatiofiSimpson, 1983)This speciation was caused by the retraction and

dispersion of the generaluring periods of isolation(Simpson and Todzia, 1990Jhe
O2YLRaAlGAzyY 2F L} NI} Y2Q&a 2 Adedadpbisdecies cominglfronh & y S$2 G |
temperate areas of both hemispherewith a greater contributionfrom the northern

hemisphered { { f Syt nj .Salcanisrhate@playedian important role in the formation,

population and distribution of ecosystemsinthe Ande§ 1 £ Syt nj SiG Ff ®X. wamnT {

Differences could be found between paramo vegetation locatetiénAndes of Venezuela, the
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Eastern Cordillera of the Andes in Colombia and certain parts of the Central Cordilisua
paramo flora found inWestan and Central Andes of Colombia and the majority of the
Ecuadorian AndesThese differences are a consequencenofi-volcanic andvolcanic origin

across the regiong&Clapperton, 293; Graham, 2009)

4.  Spatial Distribution of the Andean Paramo Ecosystems

The paramo vegetatioextends discontinuously along théligh Andean region of Venezuela,
Colombia, Ecuador and Peru between latitudes of 11° north and 8° south with small and
disconnected extensions as far as Costa Rica and Pareaweéring in total 37,424 kn{Table

1.1 andFig. 11) (Buytaert et al., 2006a; Hofstede et al., 2008)Central America, the paramo
vegetation occupies an area equivalent to K, distributed along the Talamanca Cordillera
between Costa Rica and Panama reaching altitudes between 3,000 and 3,819. m.a.s.|
(Hofstede et al., 2014)In Venezuela, paramo ecosystemmver an area ofipproximately
2,660 knfand can be found in the Mérida Cordillera, Serrania de Tama, Serrania de Truijillo,
and Sierra de Perija regiofidofstede et al., 2014Most of the Veneuelan paramo vegetation

is located above 3,000 m.a.s.l., except for that located in the south of Merida State, eentral
south of Tachira and Trujilibara frontier(Molinillo and Monasterio, 2003Peruvian paramo
vegetation covers an extension of 462 %and islocatedalong the Andes and the Guamani
Cordillera between 3,000 m.a.s.l. and 3,600 m.a($lbcquenghem, 1998; Hofstede et al.,
2014)(Table 1.1 andFig. 11).

The countries that have the largest area of paramegetationare Colombiaand Ecuadorin
Colombia, theparamo land covers and extension of 19,330°lamd extendsover the entire
Andean stretch and the Sierra Nevada of Santa M@vtarales, 2007; bifstede et al., 2014)
(Table 1.1 andFig. 11). Colombian paramos vegetationgenerally foundabove 3,000 m.a.s.l.,
except forcertain azonal paramo patchelwcated from 2500 m.a.s.l.(Hofsteck et al., 2014)
In Ecuadarthe paramo vegetatiorextends from the border with Colombia to the Nori@ndto
the Perwian border to the 8uth, covering14,802 km equivalent to 58% of national territory
(MAE, 2013b)Ecuadorian paramo vegetation distribued above the forest tree line along
Easten and Western Andes cordiller@dofstede et al., 1998fTable 1.1 andrig. 11).The
Eastern Cordillera has the greatest extension of parasgetation forming an uninterrupted
paramo complex fom Carchi to CafgiFig. 11). Paramo vegetatiotocated in the Western
Cordillera is moréragmented however, they include a nefragmented paramo patch located

between the provinces of Tungurahua, Chimborazo, and BoliFay. 11). In terms of
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altitudinal range paramo ecosystemiocated at the centre and north of the country are
generally found above the 3,500 m.a,sWhereasparamo ecosystemocated at the south
(Azuay and Loja provindeare found at 2,800/3,000 m.a.s(Hofstede et al., 2014; Smith and
Cleef, 1988)

82°0'0"W 74°0'0'W

74°0'0"W 72°0'0"W 70°0'0"W 68°0'0"W

Figure 11 Spatial distribution of the paramo ecosystems in the Andes Cordillera.
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Table 11 Area of Paramo Vegetation per Country.

Country Location PéramoArea(kmz) %*
Panama Central Anerica 20 0.1
Costa Rica Central America 150 0.4
Peru South America 462 1.2
Venezuela South America 2,660 7.1
Ecuador South America 14,802 39.6
Colombia South America 19,330 51.7
Total 37,424 100

* Percentagewith respect to the total paramorea.

5. Climatic Conditions in the Ecuadorian Andes

The Ecuadorian Andes have a climate influenced by several processes that occur on a large
scale(Vuille et al., 2000)Iin the southwest of the Andes, the Humboldt Pacific current brings
masses of cold and dry air, producing a sand clmate. Towards the northern Andgthere is

a tropical humid climate caused by the masses of warm and humid air that occur in the
equatorial Pacifias well as theastern slopes of the Andeghichare permanently humidiue

to the influence of the Amazon bas({Nuille et al., 2000)Iin contrast, the intetAndean valley is
typically drier than the easterside of the Andes due to the loss of humidity of the air masses
during the orographic uplift that occurs on the outer slopes of the Ar(§eslle et al., 2000;
Buytaert et al., 2010)Precipitation and temperature variability at intannual time scalén

the Andes Cordillerss largelydominated by the tropical Pacific sea surface temperature (SST),
with the presence of El Nifio phenomenon causittgr-annualwarmer and drier conditions in
most of the Ecuadorian Andes except at the southwest of the Andes where apgposi
conditions tend to prevaibecause of the.a Nifia phenomeno(Francou et al., 2004; Vuille et

al., 2000; Buytaert et al., 2010)

In general, the paramo region is characteribyda tropical climate typical of high mountain
areasin South AmericBuytaert et al., 20068 5 dzS (2  (pf&&mityid tieleqtdoQ &
the daily solar radiation i;itense andalmost constant througbut the year(Buytaert et al.,
2006a) Paramoecosystems depend considerably on direct solar radiation as their main
contributor of temperature while cloud cover reduces insolation drasticgdigmsay, 1992)
During the night, cloudiness reduces thermal loss through long wave radiatlampening
temperature variation, restricting both the aximum and minimum temperature@Ramay,
1992) Despite the high radiation typical of these altitudes and latitudes, the
evapotranspiration is very low, ranging between 1 to 1.5 mm. dByese conditions are
favoured by the abundance okerophytic grasses and herbs with low transpiration

charmcteristics(Buytaert, 2004)
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In the paramo region, ramual average temperature ranges between 2°C to 10Ai@, daily
variations ranging from bew 0°Cto >25°Cbeing common(Hofstede et al., 2002a; Llambi et
al., 2012; Mena et al., 2000There are noticeableemperature variations in both Cordilleras
marked byaltitudinal floors(Camacho, 2014)The rate ofaverage temperature changm
relationto altitudinal variation is typically between 0.5 to 0.6fa€each 100 metre¢Buytaert
et al., 2006a) Paramo vegetation locatedn the Central (Eastn Andes) andWestern
Cordillers, at 3,0063,600 m.a.s.] and at 3,2068,900 m.a.s.l, respectively, experience
temperatures ranging from6°Cto 12°C. In contrast,temperaturesbetween 3°Cto 6°C are
present in vegetation located from 3,600 (Eastern Andesd 3,900m.a.s.lto 4,700m.a.s.l
(Western Ande$ (Cafiadas Cruz, 198F%yom 4,000 to 5,000 ra.s.|] temperatures under zero
are commonly registered at night, causing frost, although, below this altitude, this

phenomenon rarely caurs(Buytaert et &, 2006a)

In the Ecuadorian Andesrazipitation hastypically high frequency and low intensitgnd is
determined by orography and the influence of wind, which causes a high spatial and temporal
variability (Buytaert et al., 2010; Buytaert, 200Annual pecipitation variesfrom less than

500 mm in the intefAndean vallg and the southwestear Pacific slopes, to more thard@)

mm in the outer Amazonian slopdblofstede et al., 2002a; Llambi et al., 2012; Luteyn and
Balslev, 1992; Mena et al.,, 2000)he Humboldt Current brings dnieair masses fronthe
Pacific sgpparamo vegetation located in the ¥étern,Central, and Southern @dilleras receive

less precipitation than in the dtth (Vuille et al., 2000)In contrast, the EasterCordillerais
dominated by humid winds from the Tropical Atlantic and the Amazon basin causing a
predominantly humid and yper-humid rainy climatgVuille et al., 2000; Vuille et al., 2008)
addition, the relative humidity in the paramo region is often very high, around 80% to 98%
during most of the dayMena et al., 2000)The constanthumidity in the paramo regiois
mainly caused by indirect forms of precipitation, such as fog andzldizvhich results in
permanent moisturein the soil (Mena et al., 2000)Humidity has a variable and seasonal
pattern registering its maximum value in the rainy season (January to April) and its lowest
value during e dry period (July and Augusitjth continuouspresence ofogthrough the year

(Hofstede et al., 2014)

6. Ecuadorian Paramo Ecosystems

The Andeanparamo ecosystemare considered to have the richest tropical mountain flora in
the world (Smith and Cleef, 1988 his vegetation icharacterized by a high degree of

endemism in terms of species and gen¢gklenar and Ramsay, 200[) general, aotal of
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3,595paramo plantspecies hae been reportedf which42% (1,524 species) can fmeind in
Ecuador making it thecountrywith the most diverse paramo flonaith respect toits national
aread { 1 £ Syt nj . the tétab Ecuadonian ppdramo species, 1BZ8(species) are
endemic which represents 15% of the natioeatlemic flora(lLe6rrYanez et al., 2011Around
75% of thepdramo endemic species are threatenédit approximatelyhalf of them (48%) have

been protected as part of the National System of Protected Areas of Ec(iddor, 2017)

According to Mend2011) the paramo vegetation coulde dividedby altitudinal range and
predominant plant composition in three macraones. The first zone sub-paramag which
constitutes he transition zone between the Andean forest and #wtualparamo vegetation
This couldbe located as low ag,800m.asl.(edd &d2dziK 2F 90dz4BB®ND 2 NJ
m.a.s.l.(centre or north of Ecuador). This zonelmaracterized by a combination gfasslands
shrubs, andtrees that diminish insize withaltitude. The second zonparamg is generally
located between 3,500n.a.s.l.to 4,400m.a.s.l.It is characterized bgontinuousvegetation
formed mainly bygrasslands (e.gCalamagrostis intermedja giant rosettes(i.e. Espeletia
pycnophylld, dwarf shrubs(e.g. Arcytophyllum andNeurolepis aristatg cushion plants (e.g.
Azorella) and a variety of mosses. The third zomgperparamao corresponding tothe
vegetationbelt that grows on the summits of the highest mountaiafound generally above
4,400 m.a.s.l.on rocky, thick, and sandy soils, below the limit of perpetraw. This zone
presents thelowest temperatures, the poorest soils, the higheatiation and frequency of

frostin comparison with the other two vegetation belts

The latest classification of parame@cosystems,defined for Ecuadorin 2013 considers
diagnostic factorsuch as climategeoforms, flood areas, biogeograpagdland usecombined

with cutting-edge satellite informationBibliographic information, expert knowledge, and field
verificationwere also employed in the classification syst@wAE, 2013 According to this
classification,which is applicable at national and regional (Andes) scale, Ecuador has 11
different types of paramo ecosystemEhe most representative ecosystems in terms of area
are Paramo Grassland (HsSn0B)lowed by Paramo Evereen Shrubland and Grassland
(AsSn01)covering 71.1% and 15.6% of tHecuadorian paramo arearespectively. The
remaining types of paramo vegetation are less representative in terms of{@@&% to 4.5% of

the Ecuadorian paramo areahowing typical paft isolation, chareteristic of many of the
paramo remnants found in Ecuador. The most restricted ecosystemsSarghern Paramo
High Montane Evergreen Shrubland (AsAr@ig { dzY I O2 +2f Ol y2Qa tt NI Y2
Evergreen Shrubland (HsSnO#&presenting @®1% and 0.03% of th&cuadorian paramo
vegetation, respectively (Table2Zland Figl1.2).

Page |13



Chapter |

Table 12 Description, Area and Representativeness of the Ecuadorian Paramo Ecosystems based on the national classification fst&ldigiheehtal EcuaddMAE, 2013c)

Paramo

1 *
Ne Paramo Ecosystem Ecosystem Description AIIIEE TR Areg %**
Code (m.a.s.l.) (km®)
This ecosystem is also known as highland dwarf forest. Its vegetatiite that
of the upper montane forest but smaller in height due to extrer
Southern Paramo Hiah environmental, topographic, and edaphic conditions. This vegetation is m.
9 composed of thorny species, small tre&olylepi$, and woody shrubs that dc
1 Montane Evergreen AsANO1 L . e . 2,800¢ 3,300 2.1 0.01
Shrubland no_t exceed 3 m_etresn_l height. Its floristic composition is characterlzgd by
mixture of species with thorns of the genetdesperomelesRubus Ribes
Berberis Desfontainiaand woody shrubs belonging to the families Ericace
RosaceagAsteraceaendPolygalacea@ ozano, 2002)
This plant community is dominated by herbideftera granadensiy shrubs
Sumaco Volcans P4ramo (Monticaliaandicolaand Vacciniunfloribundumn), scattered grasse€ortaderia
2 Grassland and Evergreen HsSnO1 nitida), and a thick layer of bryophsg and pteridophytes typical of very hum 3,250¢ 3,800 3.9 0.03

areas Blechnumloxense andElaphoglossunspp.). This community grows ir
isolation from other paramo vegetation on top of Sumaco Volcano and ui
almost noanthropogenidnfluence.

Shrubland

This ecosystem is composed of dense evergreen forests with heights betw:
and 7 metres(Jgrgensen and Ulloa, 1994hd with peculiar trees that grow
crooked and highly branched due to climatic conditions, usually covere:
bryophytes, lichens, and epiphytes. This type of ecosystem occurs as ist
patches within herbaceaior shrubby higimountain vegetation(Beltran et al.,
3 Parano Evergreen Forest BsSn01  2009) The aboreal stratum is dominated by species of the genBlylepis 3,200¢4,100 87.8 0.6
Gynoxysand Buddleja(Hofstede et al., 1998)lhe shrubherbaceous stratum is
dense and generally composed of species of the gengreytophyllum
Barnadesia Berberis Puya Brachyotum Calamagrostis Cortaderia
Diplostephium Disterigma Greigia Pernettya Senecip and Valeriana
(Jgrgensen and Ulloa, 1994)

This ecosystem is composed of disperggdsslands restricted to the highe:
parts of theEcuadoriamrAndeson periglacial slope§he predominant life forms
in this ecosystem are shestemmed grasses, acaulescembsettes, and

Humid Subnival Paramo cushioned grasse3he ecosystenis dominated by cushion plantXénophyllum 4’2.00 (West
4 HsNnO1 L . A N Chimborazo) 88.8 0.6
Grassland rigidum), sclerophyllous shrubsChuquiraga jussieuand Loricaria ilinissag 4.500-4.900

prostrate shrubs Astragalus geminiflorusand Baccharis caespitoya erect
shrubs Yaleriana alypifoli and shortstemmedgrasseqCalamagrostis molli
andAgrostistolucens)é { 1 f Syt nj ' YR [ g3l NRZ Hn
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Ne Paramo Ecosystem

Paramo
Ecosystem
Code

Description

Altitude range
(m.a.s.l.)

Area*
(k)

%**

Floodable Paramo Grasslan

HsSn04

A-zonal ecosystem primarily made up of flooded grasslands compose
cushions plants or isolated patches of floating vegetat{@ieef, 1981; Bosmal
et al.,, 1993) In high humidity conditions the dominant communities a
Sphagnhumspp, Breuteliasp., and Campylopus cucullatifoliudn less humid
areas the vegetation isddominated by Lophozia laxifoliaand Cortaderia
sericantha At higher altitudes, cushion plants grow combined with woc
elements dominated byistichia muscoide$lantago rigidaWerneria humilis
W. rigida, W. crassa, Oreobolsisp, and Eryngium humileln the upper stratum
communities of Juncaceaend Cyperaceae are foun(Bosman et al., 1993
Cleef, 1978; Cleef, 1981; Rangel, 1995; Jgrgensen and Ulloa, 1994)

3,300¢ 4,500

112.6

0.8

Ultra-humid SubniveParamo
Grassland

HsNn02

Vegetation dominated by prostrate shrubs or scagtgrcushion plantsDue to
the influence of theAmazon, this ecosystem preserdssignificant number of
bryophytes and a high diversity of specesvl Yal € 2 MdpdhHT {
2003) The families Astaceae and Poaceae are dominavegetation located
in the eastern cordillera and westercordillera in northern Ecuadois
dominated by:Huperzia rufescendNertera granadensjd_oricaria complaata,
Calamagrostis guamanensisC. ecuadoriensis Draba spruceana and
Xenophyllum sotarense{ 1t Syt nj FyR . Ff at S@x wun

4,400¢ 4,900

175.3

1.2

Humid High Upper Montane
Parano Grassland

HsSn03

Opengrassland vegetatiodominated by species of the geneSipa Senecip
and Plantago(Sklenar and Balslev, 200Due to extreme weather conditions
the richness and diversity ohis ecosystem is lower than in more hum
paramo grassland3.hey are in volcanic enclaves at the bottom of glacial val
(glacis). The aridity produced by wind erosion gives the landscape a -tlkse
appearance (Ramsay, 1992) The ecosystem ischaracterized by plant
communities composed primarily of associations Agfrostis breviculmisnd

Lachemilla orbiculata (Poulenard et al., 2001; Podwojewski et al., 20
Poulenardet al., 2004)

3,500¢ 4,200

361.5

2.4

Paramo Caulescent Rosette
(frailejoneg and Grassland

RsSn01

Shrubs, grasses, and giaosette plants (up to 10 metres high) characterize
flora. This ecosystem is found in plains of glacial origin charaerby the
presence of moraines that form crelike depressions of variable dimensions.
the lower stratum, its vegetation is dominated Byalamagrostis intermediand

Espeletia pycnophyllRamsay, 2001)At higher altitudes the low vegetation i
replaced by associations éfgrostisand Espeléa in fracturedareas with very
humid soilgnorthern EcuadofRamsay, 1992)

3,350¢ 4,100

463.0

3.1
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Ne Paramo Ecosystem

Paramo
Ecosystem
Code

Description

Altitude range
(m.a.s.l.)

Area*
(k)

%**

Paramo Subnival Evergreer
Grassland and Shrubland

HsNNn03

This vegetation is locally known asperparamoand is mainly composed o
sclerophyllous serprostrate shrubs with a height from 0.5 to 1.5 metn
0/ fS8SSTZI mpymT =zl y RSNJI I I YY Bysuallyyddeurs
in moraines, glacier circuseand steep slopes. The vegetation is fragment
with bare soil betweempatches and restricted to the northerfAndes. At lower
altitude, the dominant life forms are composed of dwarf sclerophyllous shr
(Loricaria Pentacalia Diplostephiun), cushions Xenophyllum Azorella

Distichia'  Plantagg and shoristemmed grasses P¢a, Stipa

Calamagrost® { 1 f Syt nj I Yy R. Shrub$ arfd Su8socksHdisappe
gradually along the elevation gradient and are replaced by cushion pli
acaulescent rosettes, prostrate shrubs, andrskstemmed grasselCleef, 1981;
Ramsay and Oxley, 1997; Luteyn et al., 1999; Harling, 1979; Cuatrecasas,

4,100¢ 4,500

672.7

4.5

Paramo Evergreen Shrublan

10 and Grassland

AsSn01

This ecosystem is locatenh the treeline and consists of shrubs of up to
metres high, mixed with tussock grasses of about 1.20 metresoftgosition
and structure vary at lower altitudes due to the increase in the height of
bushes, number of trees, and species richndsg ecosystem is characterize
by the presence ofCalamagrostisspp. and shrubs of the gener8accharis
Gynoxys Brachyotum Escallonia HesperomelesMiconia, Buddleja Monning,

and Hypericum Species of Ericaceae such Bssterigma acuminatumD.

alaternoides and Themistoclesia epiphytiGae common in lower areas.

3,300¢ 3,900 (North)
2,800¢ 3,600 (South)

2,312.6

15.6

11 Paramo Grassland

HsSn02

This ecosystem amnprises the largest extension of paramo vegetation
Ecuador(Beltran et al., 2009; Valencia et al., 1999; Hofstede et al., 20@8)se
grassland vegetatioms dominated by grasses taller than 50 crtis flora is
characterized by rosette plants, xerogft shrubs, and cushion plant:
Cenerdly locaed in glacial valleysnd subglacial plainsits vegetation is
dominated by the generaCalamagrostis Agrostis Festuca Cortaderia and
Stipa along with shrubby patches of the gendglostephiumHypericum and
Pentacaliaas well as an abundant divassiof creeping and rosettéorming
grassegfRamsay and Oxley, 199%) areas with a strong slope, landslide zor
or in plains with hydromorphic soils, this ecosystem is characterizec
pioneering bambusoid gssland communities dominated Bhusqueapp. that
reach up to 3 metres in heigRamsay, 1992)

3,400¢ 4,300 (North)
2,900¢ 3,900 (South)

10,522.1

71.1

Total

14,802.5

100

* Areaestimatedbased on the obserdemap.

** Percentage of representativeness with respect to the total national pAramo(24e802.52 kif) based on the observed map.

Page |16



Chapter |

Figure 12 Spatial distribution of the paramo ecosystems in Ecuado
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7. Ecuadorian Paramodils

The origin of the paramo soils in the Andés volcanic andecent (10,000 years ago), it
occurred during last glaciations (Pleistocenegnassult of rocks expelleth the form of lava
and later fragmented and dragged by the action of the glacfelsfstede et al., 2014)n
Ecuador, the paramo soils are located on volcanic deposits product of Quaternary volcanic
eruptions (Winckell et al., 1991; Blaeri et al., 1988; Sauer, 195®wards the centre and
north of the AndegPodwojewski and Poulenard, 20008} thesouth, there are paramo soils
resting on no-volcanic deposits at altitudes above 3,000 metflena et al., 2000)Volcanic
paramo soils, de to their gological characteristicare sparsely developeavith poorly
differentiated horizonsand are relatively young due to active volcam which continues to
provide layers of ash and pyroclastic materidldambi etal., 2012; Podwojewski and
Poulenard, 2000b)in contrast, seils of paramowith non-volcanic origirare old do not have
pyroclastic coveragdavewell-differentiated horizonsand a superficial layer (>20 cngh in
organic matter(Sourdat, 1986; Podwojewski and Poulenard, 2008lthough in the south of
the country there is no volcanic activityin some places thin layers of young volcanic ash
covering the lower layersof ancient weathered ashesan be found(Podwojewski and
Poulenard, 2000hb)

Despite some differences due to their complex geology and topography, in general, all paramo
soils have a typical association between ataluminium and organic mattdMena et al.,
2000) The presence of homogeneous layers of volcanic (aéh and young)favours the
organic matter accumulation by the formation of organdmiéc @uminium and iron)
structures and presence of crystallized minerasy( quartz,imogolite and kaolinite) which
makes the organic matteextremely resistant to microbial decompositiqBuytaert et al.,
2006b; Nanzyo et al., 1993; Mena and Hofstede, 2006¢refore, the paramo ecosystems
constitutea huge carbon reserve due to the high amount of organic matter stored in their soils
(Llambi et al., 2012; Buytaert et al., 2006b)

In general, paramo soils are characterized by dark colowr gvapotranspiration, low density
(<0.9 g/lcm®), and porous structuréBuytaert, 2004)As a resultthey can retain larg water
flows which are released slowly during long periogBuytaert, 2004) Paramo soils vann
thicknes ranging from a few centimetres to several metres (up to 3 meifgsytaert et &,
2006b) This is due to factorsuch as climatelithology (i.e. parent rock), relief (e.g. terrain
inclination), biological (e.g. bacteria) aatmospheric agentge.g. erosionCrespo, 2004)

conditions which vary across all the Ecuadorian Andescliimatic conditions existing in the
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Andeanparamo regioralso play an important role ithe evolution of paramo soiléMena et

al., 2000) The low average temperatur@°C to 10°Ccauses thereduction of the soil's
biological activity, favouring the accumulation and slow decomposition of organic matter
(Llambi et al 2012; Mena et al., 2000Dn the other hand, the variable but permanent
precipitation 600 to >3000 mm/yegrcombined withthe constant presence of fog and drizzle
constantlymaintainsthe paramosoilQhumidity which favours soils rapid evolutigiMena et

al., 2000) In addition to climate, vegetation is an active and determining factor in the
formation of paramo soilsParamaplants and roots contribute to the soil organic matteat
later decomposes slowly due tbe low temperatures, high humidity and thection of living
organisms (e.gworms and insectgLlambi et al., 2012)n addition, vegetation promotes soil
weathering, improves soil infiltration and porosity and produces @@ugh shoot and root
(Branson et al., 1981)

Based on the Nadnal Soil map of Ecuador (1: @800 scalelMAGAP, 1986)81% ofthe
paramo soilhave mineral composition while 6.3% amganic.TheEcuadoriarsoilshave been
classified according to the soil taxonomic legend establishethé United States Department

of Agriculture (USDA, 1999pased on morphological, physical, chemical and mineralogical
properties (Velasquez, 2008)According to this classification, the Ecuadorian paramo soils
representsix differentsoil orders including vertisols, alfisols, entisols, mollisols, histosols, and
inceptisols Themost representative soils iterms of areaare inceptisols covering 73.4% of the
Ecuadoriarparamo area. These soils are young with one or more underdeveloped horizons
and haveminerals such as carbonatéislambi et al., 2012; USDA, 1998heyhave an addic

pH, poor drainage conditions and may contain amorphous/allophane clay minerals, making
them able to store water for long periods of timelambi et al., 2012)nceptisols present
accumulation of organic materials on the surface due to low degradatbnditions(USDA,
1999) Histosols or peat soils covér3%of the total paramo areaf Ecuador and cabe found

in watersaturated paramo areawith less volcam activity (e.g. southern Andes} altitudes
between 3,700to 4,300 m.a.s.l. Histosols areodhinated by cushion plants, bryophytesid
herbaceous plant§Buytaert et al., 2006b; Bosman et al., 199R)ese soils have developed
through the accumulation ofundecomposed or partially decomposetganic mattercaused

by low temperatures, high humidity conditions, and water saturation that preveet®bic
decomposition(Llambi et al., 2012)Since they are almost entirely formed by organic matter
these soils have a very high water retention capacity, low pH and very low bulk density (0.04
0.2) g/cnt (Llambi et al., 2012)The remaining 7.9% diie paramo soils are characterized by
other types @& mineral soils present in puf@rm or combinedwith other soils(Table1.3 and

Fig.1.3).
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Soil Order Composition Description (fé]%; %** Description Source
Inceptisols occuin equatorial to tundra regions on relatively actilendscapes, such as mounta
slopesand river valleysThesesoilshave one or more underdeveloped horizonscidic pH, andhoor
Inceptisol mineral drainage conditionsinceptisolamay contain amorphousrallophane clay minerals, making them at 10,866.5 73.4 (USDA, 1999)
to store water for long periods of timehis soilpresenthigh accumulation of organic materials o
the surface due to low degradatiomeditions
Histosols are often referred to as "peat soils" and ocandow elevation wet areas. Thigpe of soil ha .
: 3 . . : (IUSS Working
low bulk density (<0./cm”) and have very high content of organic matter in the upper 80 cm !
. . . . . L . Group and WRB,
Histosol organic metre of the soils and no permafrost. The organic materials in histosols rest ororqukmiceous 935 6.3 2015: Buringh
materials whichdo not oxidize becausthey areunder wate. In tropical mountainous areas, histosc - gn.
- . 1979; USDA, 1999
occur at elevated flat elevations on impermeable rocks. :
Vertiols are heavy, dark, clay soils (>30%) developed in large flat areaspridhounced dry season
These soils have high budknsity when the soils are dry atav hydraulic condutivity when the soils (Buringh, 1979;
Vertisol mineral are moist.These soils have a dadurface layer cawsl by tte combination of organic matted x ) Kilmer, 1982;
with clay particles. fie soil has a high water retention capacity, but relatively small amount of wat USDA, 1999)
accessible for plant growth. Thexist insubtropical and tropical climates with a wide range in rainf:
Alfisols are soils witla combination of an ochric or umbric epipedon, an argillic or natric horizo
Alfisol mineral medium to high supply of bases in the soils, and water available to rhgtoplants They have a (Kilmer, 1982;
light colaured superficial horizon, usually acid and low in organic maftkeir moisture regime coulc USDA, 1999)
h be udic, ustic, or xeric, and in some cases they present aquic conditions.
Other . . . . . o . .
: . The virtual absence of diagntis horizons is characteristiwf Entisols. Entisolare young, shallow anc¢ 1,174.4 7.9
mineral soils . X . . . o
have a mineral nature. Saiblour varies from light to dark, depending on the original matefiakse (USDA, 1999;
Entisol mineral soils occur on terraces and younger alluvial fans, along some valley bottoms, and on s L !
. . . i . . Boettinger, 2017)
floodplains.These soilcanpresentany type of mineral parent material, vegetation, age, or moistt
regime and any temperature regime except permafrost.
Mollisols aremineral soils recognizedmong the most fertile soils in theorld. They are commonly
found in temperate zones, but some occur in the tropics and subtropics. Mollisols fauh@jla . )
. . ! . ) . L . (Kilmer, 1982;
Mollisol mineral latitudes formed in latePleistocene or Holocene depositshe mollieepipedon has a thick dark
. o . . . s USDA, 1999)
surface horizon high in humus and nitrogen content. These soils have been subject to limited le
and their organic matter and nutrient levels arehi
rocky outcrops, snow/ice, and water bodiaeat(ral or artificial) 1,826.6 12.3
Total 14,802.52 100

* Areaestimatedbased on the observed map.
** Percentage of representativeness with respect to the total national paramo(4e802.52 kif) based on the observed pa
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Figure 13 Spatial distribution of the Ecuadorian paramo soils by order.
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8. Ecosystem Services provided by the Ecuadorian Paramo

Ecosystems

A brief description of some of the most important ecosystem services provid#uelyaramo
ecosystems is included below. There are more than thirty different ecosystem services
provided by the Andean paramos covering all categories: sugpprovisoning, regulating
and cultural(Nieto et al., 2017; Hofstede, 2008)he following description & not cover all of
them but rather highlights the most important servicesovided by paramo ecosystenas a

basis for understanding the present study.

In Ecuador, millions of people depend directly or indirectly on the continued ecological
functioningof the paramo,demonstratingits economic, environmental, and socrelevance
(Buytaert et al., 2006a)Among the most important ecosystem services providedthsy
paramo vegetationis the capability to store andegulate water from rainfall and melting
glaciers(Mena et al., 2000)This particular function of the paranwegetationis directly linked

to the large accumulation of organic matter in the soils and the morphology of certain paramo
plantsas discussed earliéMena et al., 2000)Water regulation by the paramo ecosystems is
very important during dry seasons (Jlugust) since the ecosystem can slowly release water
stored during rainy seasons (Janudvyril) (Hofstede et al., 2014)These Andean ecosystems
provide water for human consumption, irrigation, and hydroelectricity generation for Andean
cities and for the population located in the Amazonian and coastal region of Ecuador. In fact,
85% of w (0 SNJ a2 dzNOSa y S O SragailerhEits dbre fron? pdr@rhd areakzsuct? &
as Papallacta and Antisana, located at 3,908.sd(Buytaert et al., 2006afurthermoe, the

water provided by paramo vegetatias an important source for hydroelectric generation. Due

to its topography and water availability a significant number of dams are located along the
paramo region. Indeed, 25%990% of water provision for the largest hydroelectric power plant
(Amaluza) of Ecuador comes from paramo ecosystioated in the Central ah Western
AndesCordillera(Buytaert et al., 2006d) ¢ KS St SOG NRA OA (*&amGd- 1LAF50A & 2 F
MW which represents 60% to 80% of the electricity used by the cou®owythgate and
Macke, 1989)

As explained previously, paramo soils accumulate significant quantities of orggation,

which largely make paramo ecosystems net natural carbon sinks and may therefore be

! Quito is the capital of Ecuador, and the second most populated city with 2,239,199 inhabitants (Census, 2010).
iYLt EIVVA A 20 GSR AY tld2iSVa oFary Fnf mScdhn YSUNBa sAGK I+ OF LI
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important contributors to climate change mitigatiqiVinckell et al., 1991; Podwojewski and

Poulenard, 2000a According to the Global Peatlands Initiative, the peatlands are considered

GKS ¢62NI RQa I NHSal (JOCRNBGLTY)INIh¢ Case DNERIpsian® OF ND 2
vegetation peatlands occupy large areas and continue to grow, playing an important role as
carbonstorersand fixers(Hofstede et al., 2003; Mena et al., 2008Jthough param@ plant

biomass is also a carbon sink, it @ as significant as the carbon stored in gbiibfstede et al.,

2003) Although not extensive in area, ¢hforested masses, present in the paramo vegetation,

efficiently fix atmospheric C@Q(Hofstede et al.,, 2003)lt is estimated thatparamo forest

species such a3olylepiscould capture up to two tons of carbon per hectare per y@gahse et

al., 2002)

Interms of social anéconomic importance, the paramo vegetatiorrédevant for tourism and
food provision. Te diversity of paramo landscapes attracts milliofisnational and foreign
tourists, representingan important source ofincome for the Andean countries and an
alternative source of work fothe local population(Hofstede et al., 2003)Furthermore, in
Ecuador, approximately 500,000 people live in the paramo re@iosse et al., 1999)ith most

of them dedicated to productive activities including farming and livestddie total area
cultivated in the Northern Andéseached4.4 million hectaresn 2001 (Dixon et al., 2001)
Production in this region of the Andes is mainly focused on maize, potatoes, cerealssvari
vegetables, cereals, pastures, and cateoducers irthe lower areas of the Andesnd to be
relatively wealthy compared to producers in higher areas who live in severe pqidron et

al., 2001)TheLdt NJ Y2 Qa dejehddntagricuku@al/activities for autoonsumption and
commercial purposg Thetraditional and modern uses of certain species of flora and fauna
found in the param region are also indicators of the para@aocieecological importance.
The localpopulation, includingpeasants, and indigenous communities use dozens of typical
paramo plant species for consumption, medicine, crafts, or to@ttofstede et al., 2003)
Therefore the role of the paramaegetation as provider of natural resources dodd has a
significant social relevance especially now that Andean productiorbBasme increasingly
important for food security, in developing countrissich as EcuadoiKleinwechter et al.,
2016).

3 . . .
The Northern Andes, encompasses the Ecuadorian, Colombian, and Venezuelan cordilleras.
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9. Human Impact on the Andean Paramo Vegetation

Over the last decades, the ecosystem services provided by the Andean paramo vegetation
have been significantly alterg@uytaert et al., 2006b; Buytaert, 200drespo et al., 2010The
major impacts are caused by intensathropogenicactivities such as farmindivestock
mining, introduction of exotic species (e.g. pinahd badly planned tourisniCrespo et al.,
2010; Hofstede et al.,, 2014; Llambi, 2010; Mena and Hofstede, 2006ich have all
contributed to increased fragmentatiomf the landscape and decBnin ecosystem services.
Theanthropogenicpressure on the Ecuadorian paramo areas is evidenced by the adwance
the agricultural frontier Themain causes athis continued expansion arpopulation growth,
social inequalities, and the intensification of agricultural technigife®llano et al., 2000)n
2000, it was estimated that arount0%(8,000 knd) of the Ecuadorian paramo are&0(000
km?), above 3,000 m.a.s.lere massivelytransformed by agriculturéHofstede et al., 2003)
Paramo vegetation represents enormous risks for agricultidavelopment due to their
extreme fragility, low productivity of soils, and high frequency of froétverthelesghese
natural areas havancreasingly andgeverelybeenimpacted byfarmingactivity (Llambi, 2010;
Mena et al., 2008)Intensive livestock practicdsave been als@mpacting these natural areas,
especially sinceattle trampling caused 2 A f 02 Y LI OlA2y 6KAOK RIYI3Sa
capacity(Hofstede et al., 2014} inked with the livestock practicéhe paramo areas are also
affected by burning for the purpose ofproviding greener and tender pasturefor cattle
(Hofstede et al., 2014This has led to thioss of native vegetatioand alteation of habitat for
local speciessuch as the Andean beaifrémarctos ornatus the jambato frog Atelopus
ignesceny the Andean condor (Vultur gryphus), atii mountain tapir Tapirus pinchaque
(Luteyn and Balslev, 1992)

Agricultural production systems in the Andes of Ecuador are highly variable, ranging from
traditional subsistencesetaside farming to intensive agrmommercial systems favoured with
technology and capital investmeritlambi, 2010; Mena and Hofstede, 2Q08)khough the

major impact on thepdramoecosysters in termsof area used is livestock, crop production
(potatoes, maize, vegetables, fruits, cereals and tubers), causes the most significant ecological,
economic and social impactHofstede et al., 2003)Landuse change hasignificantly
decreased thebase flowof streams(Buytaert et al., 2006b)it is estimated thatintensive
grazing and farmingould decline thevater regulation capacity of pAramo catchmebitg 40%
(Buytaert et al., 2005b; Buytaert et al., 200#) addition, & a result of excessive grazing,

trampling, and burning, paramo soisuld also beffected by accelerated runoff and erosion
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(Buytaert et al., 2006b)in areas of national importance for water §y such as the paramo
region, these problems can become criticad, in the case of the Pauteriver basin located in
southern Ecuador, where high sediment loads in riiesse causal erosion,affecting the
quality and quantity of urban water supply amditting at riskhydroelectric power projects
(Buytaert et al., 2006b)Mining activitiestaking place inthe paramo region may alsimpact

the ecosystemespecialy by consumption of large amounts of water that subsequently re
enter the hydrological cycle with a high load of pollutatitesserli et al., 1997 )Additionally,
the introduction of non-native woody species such &iicalyptusand Pinusin the paramo
region is causingvater loss and base floweduction (Célleri et al., 2004ps well as
acidification and loss of carbdnom soils(Farley and Kelly, 2004xven though the intensive
and extensive use of the paramo areamitinues to this day, a greater collective awareness of
the social and environmental situation @aring in the paramo region has promotebe
development of initiatives for participatory conservation,research and sustainable
managementwhich could be a sign of positive change for the future management and survival
of the mountain ecosystems of thendes(LIambi et al., 2013; Hofstede, 2011; Hofstede et al.,
2014)

10. Paramo Ecosystems and Climate Change

During the last decades, the climatic variability in the Tropical Andes has begun to overcome
the historially documented threshold&/uille et al., 2008)n thelast25 years, there has been
a significantincrease of 0.8Cper decade in comparison with the 0@0.2°Cregisteredper
decadeover the last century(Anderson et al., 2011; Herzog et al., 20123 future climate
simulations have predicted, temperature increases in the Andes could range Fr@r(A18
scenario) up to 3°C (A8&cenarid in the next 20 to 60 years, respectivé§uesta et al., 2012a)
In contrast, here ae substantial uncertainties regarding precipitation treridsthe Andes.
While certain regional analyses based on rainfall sesksw no futuresubstantial changes
(Buytaert et al., 2010)other simulation models haveredicted either an increase or a
reduction in the volume of rainfa{Miviroli et al., 2011)Despite the discrepancieshanges in
precipitation patterns havdeen already registered in thEastern and Western slopes the
Andes as well as in thater-Andean valleygAnderson et al., 2011}t is expected that the

changesn temperature precipitation regime and seasonal climate patterns predicted under

4 . . . . . . . . .
A1B= Global emissions scenario that predicts rapid economic growthithua parallel introduction of new technologies
° A2=Global emissions scenario that predicts a very heterogeneous world, with a continually increasing global population.
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future climate change scrrios, will affect the regulaiunctioning ofthe Andeanecosystems

(Hofstede et al., 2014)

For the paramo regiospecificallytemperature is estimated to increase yG5°Ctowards

the endof the 21st century(Buytaert et al., 2010Climate stations located ipdramo areasit
high elevations are reportingclear trend towards the increment of daily maximum
temperature, close tol°C per decade, while dbw elevations stations are registeringh a
increase between 0.3°C and 0.6°C per degattefstede et al., 2014)This confirms that at a
higher altitude the ncreasein temperatureis greater; corespondingly the effects of these
changes are likely to be great@drrutia and Vuille, 2009; Buytaert et al., 2010; Herzog et al.,
2012) Future temperature trendsire not yet estimatedor the Ecuadorian paramo ggon,
however, in the period 196Q006, Ecuador has experienced significant increases in mean
annual temperature, absolute maximum temperatyamd absolute minimum temperature, by
about 0.8°C, 1.4°C and 1.0t€spectively(MAE, 2011)Therefore,it is expected that similar

temperature increasesould have @curred in Ecuador's paranmegion.

dimate change scenariagyree inpredictng major changes of watditow with consequences
for water supply and integrity of freshwater ecosyste(Miille et al., 2008; Herzog et al.,
2012) Changes intemperature and humidity could led to the disappearance of theter-
tropical glaciersin the next 15 yearswith adverse effects on water availability and
hydropower generation(Ramirez et al., 2001; IPCC, 2014jor to 2007, several water
disputes had alreadypeen registered between different stakeholders in countries such as
Peru, Boliviaand Ecuado(Painter, 2007)In Ecuador, even small changes in glavaterQ a
contribution to river discharge will affect parafdaater regulation, especially during the dry
season(Herzog et al., 2012; Favier et al., 20085 the climate warms, an increase in
atmospheric water vapour concentrationsfrom paramo ecosystemsould be expected,
exacerbating the greenhouse effg@uytaert et al., 2006bJ-uture increases in temperature in

a range from3°CG4°C, as predicted for the Andes region, could causeldbs of paramo
habitat of about 60%with the resultantextinction ofcertain plantspecieqHerzog et al., 2012)
Alteredclimatic conditions could affect the location of paramo altitudinal belts, promoting the
appearance or dappearance of specigg\ratjo and Rahbek, 2006; Anderson et al., 2010;
Cuesta et al., 2012c; Cuesta et al., 20124)species level, there are three general responses
expected including movement, adaptation, acél extinction(Parmesan and Yohe, 2003;

Buytaert et al., 2010)Displacements of species such as those predictedtterparamo
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ecosystems could have consequences on the ecosys@mctureand functioning(Herzog et
al., 2012)

In the Ecuadorian Andesa moderate rising trend in rainfall and humidity has been already
observed(Hofstede et al., 2014; Huntington, 200Between 1960 and 2006ecords provided

by weather stations revealed that the amount of annual precipitatiended to increasen
several parts othe Ecuadorian Ande@VAE, 2011)Changes in precipitation regimes could
cause increases in runoff, sedimentatianpsion, and landslide@Herzog et al., 2012§lobal
warming could causenaincrease in the proportion of vertitarecipitation (rain) compared to
horizontal precipitation (fog) affertg water retention and filtration capacity in paramo
vegetation(Herzog et al., 2012Future drier conditions could cause soil shrinka@®ulenard

et al.,, 2002) acceleration of organic matter decompositigRrice and Waddington, 2000;
Waddington and Roulet, 200@nd hydrophobicityPoulenard et al., 2004 affecting paramo

soils'ability to regulate and store wate

Paramo soils are very depeadt on low temperatures iean minimum of 8 °Cand mean
maximum of 12 °C)o store carbonin the longterm (Buytaert et al.,, 2006a)Therefore,
warming could accelerate orgac matter decomposition and could increas®} and CH
emissions to the atmospher@atjes, 1996; Eswaran et al., 1993; Lal, 2084¢ring itsrole as

a natural carbon sinkPefia Salamanca et al., 2013; Bellamy et al., 2098thropogenic
pressures on the paramo ecosystems could be also exacerbated by global climate change
affecting the normal provision of ecosystem servi@dsfstede et al., 2014)The increase in
warming could lead to lengthening of crop growing seasons and optimal temperatures for
assimilation, factors that could benefit the expansion of productive areas currently limited by
low temperatures (Hijmans, 2003) Furthermore, changes in precipitation (increaseor
reductiors) andgreater concentrations adtmospheric C@ expectal in the next decades, may
promote crop yields(Nonhebel, 1994) Since land use change is the main driver of
environmental degradation in the Andea,potentialexpansion of productive areas towards
paramo areadavoured by these changes could be expectédidams et al., 1998Due to
growing demand of Andean products, at local and global scale, it is expected that producers
will be forced to search for new productive lands, threatening the remaining natural
ecosystems(Hijmans, 2003; Walker et al., 2011)The population's reliance on natural

resources for their livelihoods mag&em vulnerablgPainter, 2007)
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11. The Thesis

11.1 Aims of the Study

The aim of this research is maly® the effects of climate change on key ecosystegnvies
provided by the Ecuadoriaparamo eosystemsTo achieve this goal, the objectives of this

study are:

i To predict the impacts of climate change on the climatic niche distribution thudf
Ecuadorian paramo ecosystem®nsidering current (19502000) and fuure climatic
conditions 2050 and 2070knd medium (RCP 4.5) and high (RCP §tBgnhouse gas
(GHG) conawration scenaric.

1 To quantifythe carbon stocks, in both sand aboveground vegetatiofor ten key types
of paramo ecosystem®cated in the Andes of Ecuaddrased on econdary information
collected over 15 yearsexploring a range of key factors udhcing carbon stock
variations

1 To determine the degree of future exposure of the Ecuadorian paramos to land use
pressures, considering climate as a determining factoriforeases or decreases in the
farmingfrontier, based orfuture climate projections(2050 and 207pand two greenhouse

gas (GHG) concentration scenariBEP 4.5 (medium) and RCP 8.5 (extdeme

11.2 Thesis Structure

In order to achieve the objectivesutlined for this study, a number of interdisciplinary

approaches and techniques were umtéken.In Chapter la brief literature review of the sta

of the ecosystem services is presenteden€ral data on paramo vegetation explaining its

origin in the Andescurrent spatial distribution, and climatic conditiofmund in theAndes is

includedin this chapter A description of the paramo ecosystems and paramo soils existing in

Ecuador islso included. In thishapter the importance of paramo vegetation aprovider of

ecosystem services highlighted. ThedS3ISG I GA2y Qa Odz eSNdsmnrdt A G& (2

climate changés described

In Chapter llthe paramo climatic niches are modelled under current (:2600) and future
(years 2050 & 2070) environmental conditions oriented to understand ecosystems'
vulnerability influenced by climate chga The research applgstate-of- the-art techniques,
based on the maximum entropy principle (MAXENT) to genettatetic niche modelsin the

analysis,six global climate models (GCMs) and two representative concentration pathways
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(RCR)representing amoderate (RCP 4.5) and aextreme (RCP 8.5) greenhouse gas (GHG)

emissionscenariq are considered.

In Chapter llithe estimates of carbon stocks in paramo gaildepth intervals of 680 cm +£5

cm) and aboveground vegetatiorfbiomass + necromass) rfden key types of paramo
ecosystemdocated in the Andes of Ecuador are presented. The carbon stocks quantification is
based on secondary informatiocompiled from literaturecollected over 15 yearq2002 to
2016)at different paramo sites along the Ecuatihn AndesAn examination of differences in
carbon storage influenced by vegetation type, soil order, altitudinal variation, and climatic

conditions is also included.

In Chapter IMthe future exposure of the Ecuadorian paramo ecosystems to land ussymes
induced by climate change is addressétie impactis measured by analysinthe edaphoe
climatic ranges of three commofindean crops (potato, soft maize, and quinoa) as indicators
of potential threatsfrom agricultureto the suwival of the paramo wgetation. The analysis
considered climate as the determining factor for increases or decreases in the agricultural
frontier while soil conditions were assumed unchangeable.simulate future changes, two
GHG concentration scenarioRCP 4.5 (moderate) arlCP 8.5 (extremegre considered
based onGlobal Climate Model CCSMPhe expansiorof future farming land ito paramo

areaswith andwithout protectionis also evaluated

In Chapter V, the aims of the research alongside with a summary of the keygfirfdimn the
previous chapters @& presented. The implitions of the results obtained through this
research, recommendations for future management of the paramo ecosystems as well as
suggestions for future researchre included in this chapter, along witfinal concluding

remarks
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Chapter Il
Predicting the inpacts ofClimate Gange on thedimatic

Niche Distribution of the EcuadorianParamo Ecosystems
1. Introduction

The negative impacts of anthropogenic climate change on global biodiversity have generate
widespread concern. Scientific evidence suggests that climate change could significantly affect
the distribution of species and the composition of ecosystems due to changes in temperature
and precipitation(Campbell et al., 2009; Bellard et al., 201@hanges in species comfims
couldalter the structure and functioning of ecosystems and therefdeerease thejuality and
guantity of ecosystem servicewvailableto the population(Campbell et al., 2009; Garavito et

al., 2015) Gobal concern has mainly focused on the high risk of species extinction. It has been
suggested that many species will become more prone to extinction as they will be unable to
migrate or adapt fast enougto their environmentin the face of rapidclimate change
(Garavito et al., 2015)n mountain regions, ecosystem composition andcfioning depend
mainly on air temperature, the spatial distribution of precipitation, atmospheric, CO
concentrations, and radiatio(Buytaert et al., 2011)Any climatic alteration that interrupts or
alters these processes would force sensitive species to move towards new areas with the
required climatic niche or otherwise would cau$ek S & Da8liDe\ aBdil@nate extinction
(Buytaert et al., 2011)In the Andes specifically, climate warming is occurring at a rate of
almost twice the world averag@/uille et al., 2003¢onfirming that warming isncreasedat

high altitudes(Solomon, 2007)A hgh level of uncertainty surrourstthe future of Andean
ecosystems under the effects of climate change since knowledge is limited and predictions are
highly variable. Continued exposure to climate change could lead to divesponses at
species level, including tolerance and adaptation, migration to emerging gradients, or
extinction due to inability to adapt or movgierzog et al., 2011; Parmesan and Yohe, 2003;

Thomas et al., 2004)

Among the most vulnerable mountain ecosystems are the paramo vegetation; alpine neo
tropical vegetation discontinuously located along the Andes cordillddstede and Aguirre,
1999) These florais characterized by high endemism and floristic diverfiitiged with the
historical gradual rise of the Andes and the Pliocene/Pleistocene glacial @yoleghiemstra

et al.,, 1995) The high rates of diversity and endemism of paramo ecosystems linked with
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orography and differential climatic patterns in combination with intensive lars@ and
hydrological regime alteration have made them highly vulnerable to climate ch&tegeog et

al., 2011) The paramo ecosystems play an important rolesiistaining the life of millions of
people providing environmental goods and services such as drinking water, irrigation, power
generation, carbon storage and fertile land for agricultural produc{Buaytaert et al., 2006b;
Bradley et al.,, 2006)However, climatic changes as well as anthropogenic thréats.
deforestation, expansion of the agriculalrfrontier, urban growth, and mining, among others)
are putting at risk the resilience of the paramo vegetation and the population that depends on
their ecosystem services. Studies suggest that the alteration of environmental conditions
including rising rean temperature, temperature variability, rainfall, and humidity at various
temporal and spatial scales will influence paramo vegetation distribution and persistence
(Herzog et al., 2011)These extreme climatic changes could affect the paramo ecosystems
causing significant habitat loss, physiological stress, fecundity alterations, abundance shifts,

species invasion, migratiandextinction(Herzog et al., 2011)

There are major concerns about the rapid and imminent decline of biodiversity and its
consequences on ecosystems functioning, ecosystem services provisibhnyan welbeing
(Schlapfer and Schmid, 1999; Chapin Il et al., 2000; Loreau et al., 2001; Diaz et al., 2005;
Balvanera et al., 2006)As a result, ver the two last decades several methodological
approaches hee been applied to examine the potential effects of climate change on
biodiversity, including dynamic ecosystem modelfWoodward and Beerling, 1997)
biogeochemistry model§Peng, 200Q)spatially explicit mechanistic moddMill et al., 2001)
physiologically based mode(Sykes et al., 189 Walther et al., 2005and boclimatic niche
models(Box et al., 1993; Huntley et al., 1995; Iverson and Prasad, 1998; Pearson et al., 2002;
Pearson et al., 2004; Thuiller, 2003; Thuiller et al., 2005; Vieillezteal., 2016; Sales et al.,
2017) Among all these alternativesjdzlimatic modelsare the mostwidely used to predict

the spatial range of organisms as a function of clim@teschke and Strayer, 2008)his
modelling technique focusem defining the climatic niche that best describes the limits of the
spatial range for any chosen species through the correlation between the current species
distribution with selected climatic variablegBeaumont and Hughes, 2002; Pearson and

Dawson, 2003; Thuiller, 2003; Huntley et al., 2004)
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Bioclimaticmodels fail to consideclimate as the sole determinant of the distributiorf o
species when in reality factors such as extensive habitat fragmentation, species dispersal
limitations, increase of atmospheric €@Woodward and Beerling, 1997; Iverson and Prasad,
2002) changes in soil and presence of fi(Bsereton et al., 1995; Iverson and Prasad, 1998;
Crumpacker et al., 2001among others, are playing a determiginole in the distribution of

the specieqHeikknen et al., 2006)However,they can provide more accurate and realistic
predictions than those offered by other types of species modelling techniuessonand
Prasad, 1998)In this study, bioclimatic models were used as the basis of all the analyses,
focusing on the advantages previously mentioned, as well athein high predictive power

and capability to perfornrelatively quick analyses for numerouglividual specieglverson

and Prasad, 2002; Pearson and Dawson, 2003; Gavin and Hu, ZIo0g)s were used fahe
evaluation of future biclimatic ranges of paramo ecosystemsonsidering the climatic
variables tkat best describe the current niche distribution to simulate the future distributions
of paramo niches under climate change scenarigBakkenes et al., 2002; Peterson et al.,
2002a; Peterson et al., 2002b; Petersonat, 2004; Thuiller, 2003; Pearson et al., 2004;
Thomas et al., 2004; Thuiller et al., 2005)

Although through the years, several modelling approachese been appliecaimed at
analysing the impact of climate change on Andean vegetation based @vediffclimatic
scenariogTovar et al., 2013; Cuesta et al., 2008; Cuesta, 2007; Raviliegas et al., 2014)
the impact on specific Andean ecosystems rermaioorly understood. The knowledge gap
persists handn hand with the improvement of data and the development of more accurate
global climate model (GCM) projections. Téligdy aimedto contribute tofilling the existing
knowledge gap by analysirige potential impact of climate change on the climatic nicloés
the eleven types of paramo ecosystems existing in the Ecuadorian Arfussesearch applied
state of the art modelling techniqugtMAXENT) to generatdirnatic niche distribution models
under current and dture environmental conditionsFuture projetions were based on six
different global climate models (GCMs) and tvepresentative concentration pathways (RCP),
amoderate(RCP 4.5) anah extreme (RCP 8.5reenhouse gas (GH&)ncentration scenario,
representing two of thelatest emission scenariosecognized by the IPPC in the Fifth
Assessment Report (ARFhis research analyses the impact of climate change on paramo
niches from two points of viewa) mpact on the future distribution of climat niches
according tofour categories of impactunchanged, lost expandedand extinct and b) @ture

impact on climatic niches shared among paramo ecosystems.
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2. Materials andMethods

2.1 Study Region

Most niche models tend to define study areas according to countries geographical or political

borders to promoteregional or local conservation actions. By doing so, the resultant models

ended up calibrated with a limited range of environmental conditions that do not capture the

total species nichaeither their realenvironmental toleranc€Raes, 2012; Titeux et al., 2017)

This could cause the undegpresentation of areas of adequate habitats, and reduces the

predictive power of the model$ { } Y OKST mCSNYyt yRST S LE®E HAmMMT
therefore recommendedhe use of biogeographic boundaries for niche modelling purposes as

an attempt to represent most of thepeciedlistribution rangegRaes, 2012)

Under these circumstanceshd Andes biogeographic regiogeographicallydefined for
Ecuado was selected athe modelling boundaryln Ecuador, thigatural boundarycovers an

area of approximately 102,450 Knincluding the Eastern and Western Cordillera of the Andes,
ranging from the border with Colombia the North to the Peruvian border the South (Fig.

2.1). Thisregionrepresents ecological and climatic characteristics necessary to guarantee the
presence ofthese Andean vegetation(Brown and Lomolino, 1998; Radosavljevic and
Anderson, 2014)Although the Andean regioroffers a flexible spatial rangefor current and
future niche predictions, iexcludes param ecosystems existing in other countries such as
Colombia and Perurhis decision was made since thevere no mags of paramo ecosystems
available for other paramo countriemnsistent with the scale and level of detaififered by the

Ecuadoian map
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2.2Modelling Methods

2.2.1 Generation of ParamdresenceRecords

In developing countries, the majority of species records are scattered, opportunistic and are
mainly recorded in museum catalogues, personal collections, and literabugef m DI 6 0 I &
Dormann, 2018)In these countries, including Ecuador, due to the lack of funds dedicated to
conservation, there is no systematic sampling scheme to collect biological information at
national or regional level. Therefore, developing countries do not share their biodiversity data,
causing a low representation of their species in international dases (e.g. Global
Biodiversity Information Facility GBIF) (Newbold, 2010). The scarcity of species records
together with clear signs of sampling bias and limited local environmental gradients, make it
difficult to establish distribution models based onlid records of species for a variety of

taxonomic groups at national and regional scales.

Due to thesecircumstancesthe Map of Ecuadorian Continental Ecosystestsle1:100,000
(MAE, 2013a)generated by the Ministry of the Environment of Ecuador (MAE2013, was
used togeneratethe records of presence fanodelling the eleven paramecosystemgTable
2.1). Thepresencedatasetsvaried in sizg(12 to 19,99%resence recordsi.e.number ofkm?)

due to the variability irareaof the different paramo typegSee Chapter-ITablel.2). Presence
points were generated individually per type of vegetation, removing duplicates asuri@aga

minimum distance of Km in between points in agreemewith climatic data resolution

Table 21 Paramo Ecosystems, codes and number of presence records used for modelling.
Ecosystem # Presence

N° ParamoEcosystem Code Records
1 Sumaco Volcare Paramo Grassland and Evergreen Shruble HsSn01 12

2 Southern Paramo High Montane Evergreen Shrubland AsAnO1 33

3 Humid Subnival Paramo Grassland HsNnO1 345
4 Ultra-humid Subnival Paramo Grassland HsNn02 518
5 Floodable Paramo Gssaland HsSn04 560
3 Paramo Evergreen Forest BsSn01 605
7 Humid High Upper Montane Paramo Grassland HsSn03 827
8 Paramo Caulescent Rosettés{ejoneg and Grassland RsSn01 854
9 Paramo Subnival Evergreen Grassland and Shrubland HsNnO3 2,124
10 Péaramo Evergreen Shrubland and Grassland AsSn01 8,699
11 Paramo Grassland HsSn02 19,999
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2.2.2 Selection of Nichd’redictor Variables

Bioclimatic variables wereised as predictor variableso capture annualclimatic patterns

seasonality and extreme environmenigbnditionsfor eachparamoremnanto h Q52 yy St f I yR
Ignizio, 2012; WorldClim, 2009)he set of variablesvaschosenbased on previou$terature

on tropical ecosystermodelling(Tovar et al., @13; Cuesta, 2007; Cuesta et al., 2008; Ramirez

Villegas et al., 2014nd due to their applicability for estimating potential effects of climate

change on species distributiahh Q52 yy St f yR L3IYAIT A2 AhMHT t St
climatic layers were providedybWorldGim (Version 1.4) a80 seconds (~km?) resolution.

Current climatic conditions are based on interpolations of observed data representative of the
19502000 period.For future climatic projections, years 2050 (average for 20@d0) and

2070 (average for @1-2080) were consideredTable 2.2). In Ecuador, the WorldClim

database has been verified and used in several climatic studies (e.g. Ecuador's Bioclimatic
Model) and analyses led by local institutiq@uentas, 2013; Melo et al., 201pyoving to be a

reliable source of information. Despite certain limitations linked to the lack of broad coverage

of the climatic stations in the Ecuadorian territory otMIClim results more adequate to the

scale of this study than other global data sets, such as PRECIS and TL959, which present much
lower resolution (50 krf) (Bustamante, 2017)

Although many of these variables aterrelated,the entire bioclimaticset (19) wasretained
considering the complexity of diverse climatic requirements for all paramo remnacesed
along both cordilleras Sudies also reveal that in MAXENTunderparameéerization has a
stronger negative effect on modeperformancethan when models are oveparameterized
suggestng that it is betterto allow the MAXENTalgorithm to control modeparameterization
(Warren and Seifert, 2011y his criterion was apjad for allmodelsexcept for the ones withk
40 occurrences Several autors have suggested that when there are fewer occurrences, a
simple model may be applieovar et al., 2013; Ramir&/4llegas et al., 2014; Warren and
Seifert, 2011) wherethe number of parameters ds not exceel the number of points of
occurrence used in the construction of the masl@WVarren and Seifert, 2011Jhe simper
modek were applied for spatidly-restricted vegetation typesGrassland and Evergreen
{ KNHzo f I yR 27F { dzY| (H3S2a)l antl BlighOVMlogtane Evergidery Shrub of
SouthernParamo AsAn0), for whicha selection of7 (Biol, Bio2, Bio 12, BiolBiol5, Biol8
and Bio19put of the 19bioclimaticvariableswas usedasedon correlation analysigPearson
correlation coefficientcut-off 0.8). These decisions were informed ymilar modelling
exercisesperformed in the Andes(Tovar et al., 2013; Ramir¥4llegas et al., 2014; Cuesta,

2007)
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Table 22 Bioclimatic Variables used tepresent climatic niche under
current (19502000) and future climatic conditions (2050 & 2070)

N Code Variable Unit
1 BioI* Annual Mean Temperature /
2 Bio2 Mean Diurnal Range /
3 Bio3 Isothermality /
4 Bio4 Temperature Seasonality /
5 Bio5 Max Temperature of Warmest Month /
6 Biob6 Min Temperature of Coldest Month /
7 Bio7 Temperaure Annual Range /
8 Bio8 Mean Temperature of Wettest Quarter /
9 Bio9 Mean Temperature of Driest Quarter /
10 BiolO Mean Temperature of Warmest Quarter /
11 Bioll Mean Temperature of Coldest Quarter /
12 Biolz Annual Precipitation mm
13 Biol3 Precipitation of Wettest Month mm
14 Biol# Precipitation of Driest Month mm
15 Biol%¥ Precipitation Seasonality %

16 Biol6 Precipitation of Wettest Quarter mm
17 Biol7 Precipitation of Driest Quarter mm
18 Biol& Precipitation of Warmest Quarter mm
19 Biol% Precipitation of Coldest Quarter mm

*Variables used for simplenodels

2.2.3 Selection ofGlobal Climate Models (GCMahd Representative Concentration

Pathways (RCH for Future Niche Spatial Distribution Prediction

Based on the assumption thasthe number of independent models considered increashks, t
errors tend to be cancelle@lebaldi and Knutti, 200i73ix Global Climate Models (GCMs) were
includedto predict the future spatial distribution of paramo nichébhe GCMs were selected
based on the availability and completeness of the bioclimatic variables required to run the
modelsin MAXENTAIl GCMsavere downscaled and calibrated by WorldClim usihg current
climate as baseline, assuming that the changes in climate have high spatial autocorrelation
(Hijmans et al., 2005)]Table 2.3). Representative concentration pathways (RCR&re
consideredto understandalternative futuresfor the paramo vegetationRCP<onsideredthe
effects ofimplementinginternational policies or agreements aimed at mitigating emissions
and other socieeconamic and tehnology assumptionshé&re are four RCPs knownRER.6,
RCP4.5, RCP6.0 and RCP8.5, named according to thé& radiative forcing target level
established foryear 2100 (Van Vuuren et al.,, 2011)0nly RCPs 4.5 anéRCP8.5 were
considered, representing onmoderate and extreme eenario respectivelyThe other two

scenarios were excluded sineecording tothe IntergovernmentaPanel on Climate Change
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(IPCCG)RCP2.6 is unlikely to be achieveehd RCF.0 does not consideadditional efforts to
limit emissiongIPCC, 2014a; Van Vuuren et al., 2{Taple2 4).

Table 23 Global Climate Model&GCMsyonsidered for future scenarios

N Modelling Centre Abbreviation
1 Beijing Climate Center BCECSM11

2 University Corporation for Atmospheric Research CCsSM4

3 Met Office Hadley Centre HadGEMZES
4 Institut Pierre Simon Laplace IPSECM5ALR

Japan Agency for Marine, Earth Science and Technology, Unive
5 of E)I'okyogandyNationaI Institute for Environmeah&tudies ¥ MIROGESM
6 Meteorological Research Institute MRICGCM3

Table 24 Representative Concentian Pathways (RCPs) Assumptidised on(Van Vuuren et al., 20L1(Wayne,
2013) (Moss et al., 2008 (Moss et al., 2010)

Emissions Expected
Pathway  Radiative Forcing Characteristics Pathways CQequiv  Temperature

(p.p.m) Anomaly (°C)

very highGHG concentration

>8.5W/m?in year scenarig exdude any . ~1,370pp
RCP 8.5 2100 additional efforts to limit Risng m CQ eq. 49
emissions
~4.5W/m” at Stabilization o0
RCP 4.5 stabilization after intermediate scenario without co 22 2.4
year2100 overshoot '

2.2.4 Model Fitting andlmplementation

The climatic niche models were generated through MAX&NtWware,version3.3.3k MAXENT

is an estimationtechnique based on thenaximumentropy principle and extensively used in
estimating species distributions under specific environmental dimeng®hilips et al., @06;
Phillips and Dudik, 2008; Elith et al., 2010; Franklin et al., 2013; Elith et al., RDOSENT
performs extremely well in predicting occurrences by finding the largest spread (maximum
entropy) in a geographic dataset of local occurrences in radatioa set of environmental
variables that limits specigaresence/occurrencéSteinbach, 2002; Elith et al., 201Among

the advantages of this modelling technique are the use of only presence data, given that
absence data are rarely available or unrelia@illips et al., 2006; Elith et al., 2011; Phillips
and Elith, 2013)MAXENT resultgre continuous making it easier to distinguish and interpret
the changegPhillips et al., 2006Unlike other techniques based on discriminative approaches,
MAXENT applies a generative aparoaising the environmental data of the entire study area,
which is an advantage when presence data are lim{fillips and Elith, 2013)n addition,
MAXENT is relatively unaffected byaspl errors associated with location data, it requires few
occurrence data to build useful models and it has robust algorithms (deterministic) designed to

efficiently achieve the maximum entropy distributi@@aldwin, 2009)

Page |38



Chapter I

In contrast, there are some drawbacks associated with MAXENT. The main limitation is the
possibilty of overfitting, which limits the ability of the model to adequately generalize
independent datgRadosavljevic and Anderson, 2014though, MAXENT tries to address this
fAYAGLF GA 2 yregulakzdrrzaAK (0 A daiarmeNghich limits the complexity of the
model and generates a less localized predict{®hillips and Dudik, 2008Pespite the
limitations, it has been proven that MAXENT obtains a bettecrimination of suitable versus
unsuitable areas for the specidéisan other presenceonly modelling approaches such as the
Genetic Algorithm foRuleSet PredictiofGARRPhillips et al., 2006 he various points in its

favour make MAXENT an appropriate modelling technique for this study.

Modelswere runaccording to default paramets with the exception of key settings used as
optimization factors oriented to avoid over and uneaediction problems(Warren and
Seifert, 2011; Ramire¥illegas et al., 2014; Martinez, 2010; Lobo et al., 20@8p&avljevic
and Anderson, 2014Parameter modifications were applied groups of parama@cosystems
which werepartitioned according to their number @iresence recordélable2 5). Keysettings
adjustment began with the identifi¢®n of background paits usedto define the areas where
the ecosystemhas not developed. For this analysis, background points (pseudoabsences)
where randomly sampled bMIAXENTrom the entire study regionAll models were run with
10,000 background points (default value) witte exception ofParamo Grassland vegetation
(HsSn02jor which it was increased to 20,0@@ckground pointén order to maintain a good
discrimination betweerecosystempresence and absend®¥anDerWal et al., 2009; Isaac et al.,

2009)

The replication type was selected considering the differentesMAXENT performance
regarding internal usage of occurrence dgehillips, 2005) Crossvalidaton was used for
vegetation with > 4Mccurrences sincethis splits the occurrence dataandomlyinto equat

size groups 100 folds), using all datafor validation purmses(Radosavljevic and Anderson,
2014; Phillips, 2005)Bootstrapping was applied in ca@se ¢ A (i Kccurgnaegsince this
selects the training data by using the presence points with the number of saivglegequal

to the total number of presence poin{®hillips, 2005)Modelswere run 10 timegreplicates)
SEOSLI F2N) 0838GFGA2Y 6AGK 200dNND y(Ooling e n n
al., 2011; RamireYillegas et al., 2014The random seed option waselected truefor all cases

to allow the program to use a different random seed &arch run. Hence a different random
test/train partition was made and a different random subset of the background was used

(Phillips, 2005)Models were run simultanagsly under the Linux operating system using batch
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mode available for MAXENT, in collaboration with the York Advanced Research Computing

Cluster (YARCC) led by the IT Departraéttie University of York.

Models were set to 5,000 maximum iterations to pige suffcient time for convergence and

to avoid over and undeprediction (Young et al., 2011)All models used the default
regularizationmultiplier (1) except for the models with occurrences >2,000 to which a higher
value (2.5) was assigned in order to achieve optimal model complexity and reduce overfitting
in more general modelgElith et al., 2010; Radosavljevic and Anderson, 2014; Phillips,.2005)
This analysis applied the criterion of unlimited dispersal for future climatic niche distribution
(Thomas et al., 2004, Ramirgillegas eal., 2014) based on the assumption that all paramo
ecosystems can migrate and occupy any site that becomes climatically suitable in the future.
For this purpose,ite extrapolate option was selectedstrue to allow models to predict into
regions of emironmental spacéeyondthe climatic restrictions encountered during training
(Phillips, 2005) Finally, a threshold rulewas defined to obtain binary maps of niche
distribution. This wasuseful todifferentiate the areas of presencgl) and absencdO) of the
ecosystemspredicted The threshold rule selected wame that maximizes the sum of
sensitivity and specificity of training points, minimizing omission and dssiom errors
(Manel et al., 2001; Freeman and Moisen, 20@8)d equivalent to the closest optimal point

on the Receiver Operating Characteristigrve (ROG (Cantor et al., 1999)This threshold has
demonstrated good performance isimilar studies(Liu et al., 2005; Jimén&alverde and

Lobo, 2007; Cao et al., 281

Table 25 MAXENKeySettingsdefinedfor eachmodellinggroup

Paramo Presence . . L
Group* Ecosystem Records quu[::u_:rateg R,\TS::S;?S Bagl;?r:?sund Folds RT\%S:? n"Z:ruon
Code ) yp P
HsSn01 12
1 B 1 1
ASAROL 23 ootstrg 5 0,000
HsNnO1 345
HsNn02 518
HsSn04 560 Cross
2 BsSno1 605 validation 10 10,000 10 1
HsSn03 827
RsSn01 841
HsNnO3 2,123 Cross
3 AsSnO1 8,690  validation 10 10,000 10 25
4 HsSn02 19,999 Cross 10 20,000 10 2.5
validation

*All groups were modelled by consiithera maximummumber of iterations equal to 5,000 adtflaximum training sensitivity plus
specificitg asthe threshold rule.
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2.2.5 Model Ensembleand Consensus

Numerous niche predictiors and projections were generated through MAXENT based on
current and futureclimatic conditions There were30 results for each paramo typend 330
results in total Under the assumptiorthat all independent models could be considered
flawed, however, may of them contain some degree of partial truMcNees, 1992; Winkler,
1989; Araujo and New, 2007 odel combinationwas based on the ensemble afi binary
outputs {.e. 1- 0) obtained from thesixGCMs into aiagle map.Binary mapswvere combined
according to the corresponding perig@050 & 2070)RCP (4.5 & 8.5) and type of paramo
ecosystenbased ontwo approachesFirstwithout consensué), considersll predicted niche
areas without discriminating consaus levelamong the sibxGCM Thus, all pixels identified as
presence (i.e. 1) bywny of the sixGCMswere considered asthe true presenceof the
ecosystem Secondwith consensugb), groupsthe pixelsof presencei.e. 1) according tothe
level of agreemen reached among the six GCMs. Thuywesence pixek predicted
coincidentally by 1 t® GCMswere considered as low consensidsto 4 GCMs as medium
consensus an8 to 6 GCMs as high consenséseas of nichgredicted over areas of current
human interventbn (i.e.urban, agricultural and deforested argagere discarded by usinthe
intervention mask available on thdap of Ecuadorian Continental EcosystdM#E, 2013a)

ArcGIS softwareersion 10.4.1vas used tgerform the spatiabnalysis required.

2.2.6 Evaluation of Model Performance

The models performancewas evaluated by using the area under theceiver operating
characteristic curvé AUC)(Mateo et al., 2011; Phillips et al., 2006; Guisan and Zimmermann,
2000; Hanley and McNeil, 1982AUC values can vabetween 0to 1, where 1 indicates
perfect model discrimination, O.mdicatesthat the mocel's predictive discrimination is not
better than random and values 0.5 indicate performance worse than a random selection
(Young et al., 2011; Elith et al.,, 2008espite limitations highlighted by several exige
showingthat the AUC could reflect a good predictive accuracy even in models that reflect a
poor performance in estimating the underlying bioldgybo et al., 2008; Warren and Seifert,
2011) the AUC remans a useful metric when it comes fwioritising areas in terms of their
relative importance aspecieshabitat (Elith et al., 2006)Since models were run five to ten
times, the calculation of AUC avera@ependixll.A) for test and training sets wgserformed

for each dataset and subsequently for each consensus m@tedosavljevic and Anderson,
2014) a2 RSt a ¢A0K 0.D8MlcaSidered robustkand consequently used for
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further analyses asuggested by similar studig®RamirezVillegas et al., 2014; Elith et al.,
2006)

2.3Climate Changémpact

2.3.1Impacton Climatic Niche Distribution

The evaluation of thempact of climate change on paramo néshdistribution was baseanly
on nicheareas identified as gh consensus among the six G&kkults (at least Bf 6 GCMsdn
agreement) Based on similar studiggovar et al., 2013; Broennimann et al., 2006; Rami
Villegas et al., 2014; Loehle and LeBlanc, 1996; Peterson et al., 20€Hg pixels were
analysed and classifigdto four categories of impacfThe first category wasnchanged niche
(1), where climatic conditions remain stableThus, climatic nigs (pixels)that were
overlaping, due to theirconstantpresence irthe current scenarioand futurescenariosvere
considered asunchanged The second category wdsest niche(2), where optimal dmatic
conditions are likely to decreasddience, climatic iohes (pixelsthat were present in the
current scenario buare reducedn future scenariosvere identified as lostThe third category
wasexpanded nich€3), wherechange toclimatic conditions desnot occur in the present but
could probably occur inhe future Thus, climatic niches (pixels) thaere absent in the
current scenario butwere present infuture scenarioswere consideredas potential niche
expansion The fourth category wasxtinct nichg4), where optimal climatic conditions totally
disgpear. Hence, climatic niches (pixdlsat were present in the current scenario but totally

absent in future scenarios were identified as extinct.

Impactanalysis was performed at two levels: individually per type of paramo vegetatioatand
national scke. At paramo ecosystem level, the impact was evaludiaded only orpixels of
niche presence identified unddrigh consensusategory.The decision was made to increase
the reliability of the resultsince there is digh level of uncertainty associatedth climate
change.The impact atnational scalewas based on both ensemble approachesthout
consensuandwith high consensusallowingsome degree of flexibility ithe evaluation of the
impact. Therefore the national impact was based atl pixelsidentified as presence by any
GCMs without consensuand pixels of niche presence identified under the high consensus
category (with consensus across @CM3. Based oreach approachmodelswere combined

into one, without discrimination of vegetation tgpto show the national impactArcGIS

softwareversion 10.4.1vas used tgerform the spatiabnalysis required.
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2.3.2Climatic NicheShifts

The variationin time and spacef paramo ecosystems sharing the same climatahe was
consicered important in the evaluation ofglobal changeimpact on paramo's vegetation
biodiversity Qimatic niche shiftswere estimatedby accounting (pixel by pixethe number of
paramo ecosystems®verlapping gharing climatic niches across future scenariog-or this
purpose only niche areas (pixelgreviouslyidentified under high consensusg(i.5 to 6GCMs
in agreement)were considered Models were combined into one without discrimination of
vegetation type The assignation ofvalue of oneto each pixel of presencwas equired to
facilitate the posterior quantification ohiche shifts Thusthe nicheshifts couldrangefrom a
minimum of1 which represents climatic niches occupieddily one paramo ecosystem to a
maximum ofl1 representing climatic niches occupied biyedéven paramo ecosysten&rcGIS

softwareversion 10.4.1vas used tgerform the spatiabnalysis required.

3. Results

3.1 Models Evaluation

3.1.1 Statistical Evaluation

The niche distribution modelssuggestedgood performance according to theverageAUC
training and testshowingvalues>0.9for nine of the eleven paramo vegetation typ&espite
having morepresence recordsogcurrencey than the rest, niche distribution modelsfor
ecosystem type®aramo Evergreen Grassland and Shrubl@sfn0land Paramo Grasland
(HsSn02 showedpoorer statistical performancehowever, AUCvalueswere still xx 1 @Table
2.6).

Table 26 AUG Statistical Ealuation for Current Scenarios

O Ecosystem  # Presence Training AUC TestAUC
Code Records average average
1 HsSn01 12 0.9994 0.9994
2 AsAnO1 33 0.9981 0.9981
3 HsNnO1 345 0.9807 0.9786
4 HsNN02 518 0.9725 0.9707
5 HsSn04 560 0.9647 0.9593
6 BsSn01 605 0.9549 0.9489
7 HsSn03 827 0.9589 0.9567
8 RsSn01 854 0.9633 0.9626
9 HsNNO3 2,124 0.9112 0.9093
10 AsSn01 8,699 0.7344 0.7309
11 HsSn02 19,999 0.7240 0.7219
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3.1.2 Variability of Climate Nichéredictions acros§lobal Climate Model$GCM)

Across thesix GCMsused climatic niche predictionsvaried significantlyTable Fig 2.7 and Fig
2.2). ConsideringscenarioRCP 4.5year 2050 as an examplethe niche area projected for
ecosystemHsSn0{modelling group 1)variedfrom a minimum of12 km? based onGCMMRF
CGCM30 a maximum o#89 km? according tocGCMIPSECM5ALR A standard deviatia (SD)
of 190km? was obtained by considerirtpe variation inclimatic niche areaacross allGCMs.
EcosystemHsNNO2 (modelling group 2)registered niche areavariations ranging froma
minimum of 476 km? according to GCMCCSM40 a maximum ofl,156 km? based on GCM
MRFCGCM3In this case, the variation ofimaticniche area across all GCMs represerdetD
of 280 km®. EcosystemAsSn01(modelling group 3)experienced variations in climatitiche
arearanging from a minimum18,776 km® based on GCMPSECMBALRto a maximum of
21,997km? according to GCMMRFCGCM3A SD equal td,237 km* was obtained when all
climatic niche areas, predicted by all GCMs, were considéndtie case oécosystenmHsSn02
(modelling group 4)areas of nicheeflected variatiors ranging from a minimur1,479km?
based on GCNPSECM5ALRto a maximum of25,307 km? according toBCG@CSM11. Niche
variation across all GCM showadDof 1,401km? (Table2.7 and Fig2.2). As observed in the
examples, the same GCM (eMRFCGCMB predicting the smallest niche area for one
ecosystem (e.gHsSnOLwas predicting the largest niche area for another ecosystem. (e.
AsSn0Ol The rest ofthe paramo ecosystems experienced similar variation in climatic niche
areasunder scenario RCP 4(%abk 2.7) and scenario RCP 8.5 (Fig 2.3 @&mbendix I1.B
showing smaller or larger areas dfmatic niche depending on the GCM uséetherewas no
clear pattern leading to the exclusion of a particular medestifying the model ensemble

performed.
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Table 27 Climaticniche aregpredictedfor eachGlobal Climate Model (GCM) und@HGemission scenario RCP 4.5 (years 2050 and 2{&fQype of paramo ecosystem (code).

Chapter I

RCP 45
(~kn)
Year2050 Year2070
Modelling PRI o o
o wn (2] (9] (90}
Group N Ecosystem o < m :tl % = o < i :tl (% s
Code = = > ) W o = = > e i o
§ 7 W = 3 O SD Min  Max § % u = 3 O SD Min  Max
 o°o 3 g ¢ &z S o 3§ 2 g g
m T o = = m T o = =
. 1*  HsSno1 42 22 30 489 20 12 190 12 489 35 8 200 546 165 23 204 8 546
AsANO1 48 80 51 0 16 194 69 0  194] 174 87 0 1 105 437 163 0 437
3 HsNnO1 633 585 322 200 1516 1668 621 200 1,668| 468 371 322 137 50 1,323 457 50 1,323
4%  HsNn02 1156 476 580 579 808 1056 280 476 1,156| 1,465 162 692 377 497 852 456 162 1,465
5  HsSn04 4954 3697 2914 4,696 4,760 4332 781 2914 4,954| 4,491 4433 1395 3272 3,607 4,154 1,162 1395 4,491
2
6  BsSn0l 3711 7,356 2,626 1,805 2,933 4,740 1981 1805 7,356, 3,999 8330 2546 676 880 2440 2818 676 8,330
7 HsSn03 812 1248 230 171 3290 2328 1238 171 3290| 188 205 10 2 1 1,644 645 1 1,644
8  RsSnOl 2169 393 3,056 2411 1932 2553 912 393 3056] 4,372 185 2472 2,516 830 2594 1482 185 4,372
, 9  HsNnO3 3049 2314 1534 1,072 2413 2758 749 1072 3,049| 2,595 2105 871 764 1,919 1887 723 764 2,595
10+ AsSn01 205501 18,841 19,775 18776 190,183 21,997 1,237 18,776 21,997} 19,511 16,314 15914 13,589 21,135 22,639 3,466 13589 22,639
4 11*  HsSn02 25307 23856 22911 21,479 21,800 23225 1,401 21479 25307 23,915 21,022 21,053 19,501 23,808 21,695 1,730 19,501 23,915

* Ecosystems used to exemplify climatic nicigation acrossGlobal Climate Model&SCM3.
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Figure 22 Example of variation in climatic niche area across Global Climate Models (GCMs)rbagedeoscenario RCP 4.5 (moderate), years 2050 and 2070. Green coloured bars
representparamoecosystems corresponding toodelling groupd (HsSn0}land3 (AsSn0}, while Hue colouredbars represenparamoecosystems corresponding tmodelling

groups2 (HsSn02and 4 HsSn0R2
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Figure 23 Example of &riation in climatic niche area predicted across the six GCMS per paramo ecosystem (code) based on future scenarikR&Re], yyéar 2050. The graph fr

the left corresponds to Modelling Groups 1 and 2 while the graph from the right correspondsdellivig Groups 3 and 4. The graphs represent minimum, first quartile, mediar
quartile, and maximum values.
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3.1.3 Differences in Climatic Niche Area by level of Consensus

The niche predictions obtained for thecurrent scenarioshowedin general, a trend towards
overprediction with respect to the observed nich&he majoriy of climatic niche areas
predicted for the current scenario reached high consenshgproportion of niche area under
high consensus varied differently across paramelling groups. The results shedthat for
paramoecosystems with the higist numberof occurrences (i.e. Group 3 ang¢ Hig.2.4), the
proportion of niche areas reaching high consenstas y p2 @ ¢ KS LINPLI2 NI AZ2Y 2
high consensusvas reduced for paramo ecosystems with an intermediate number of
occurrences (i.e. Group, Fig.2.4) showing niche areas under high consensus £ | Y R X
85%. For the group of ecosystems with the loweginber of occurrences (i.e. Group Hig.

2.4), the proportion of nichegeachinghigh consensuwas <60%.Future projectiondehaved
differently compared tothe current predictionsFormodelling groups 3 and 4, the percentages
of niche area reachinggih consensus was s#lignificant(Fig. 2.5)EcosystemddisSn0ZGroup

4) andAsSn0XGroup 3)hadpercentagess70% and <90%and >40%and <70%of niche areas
reaching high consensus, respectivelyhenall future scenariosvere comparedTable 2.8)In

this modellinggroup, the exception was ecosystadsNnO3(Group 3)that reflected smaller
percentage(>20% and40%) of niche areasinder high consensudable 2.8)throughout all
future scenariosFor modelling groupl and?2 (Fig 2.5) the percentagef niche areas under
high consensuwaried differently according to the paramo ecosystem modelledthise
groups percentages were not as significant as in the other modelling groups, reporting null
percentages of niche under high consensus (@sfAn0) to a maximum of 3% (e.g.HsNn0O2
(Table 2.8)
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Table 28 dimatic niche aregredicted and projected for current and future scenarios (RCP 4.5 and R®k &#I of onsensughigh,medium,and low)reached acros&CMs.
Percentages of representativeness of climate niche areas by consensus level with respect to the total niche area preucteddBcosysten{code)are alsoshown

RCP 4.5
Year 2050 Year 2070
Current Niche Future Niche Current Niche Future Niche
) P Observed —_ —_ - - - —_ —_ —-
Modelling arame ) - = g g = g g = g g = g
N Ecosystem Niche = n = = n = = n = = n =
Group 2 L F L By L F L Emy L F L By L F L By
Code [~km*)* = - = E = B~ = E = B = E = B " E
= = o~ = - = B o~ = - = =~ = - = = n = -
2 2|8 E|» 2 | e Z 2 |2|8 E|x 2 | e = 2 |=| 8 E |» g2 | e = 2 |e| 8 E |2 g2 | e T
H EL H K] H EL H = H EL H K] H EL H K]
H =2 H B H =2 H k3 H =2 H k] H =2 H 2
8 -E 8 = 8 -E 8 = 8 -E 8 = 8 -E 8 =
= 2 = 2 = 2 = 2
2 3 S 3 g 3 2 8
1 1 Hs5n01 12 13| 28 5] 11 29| 82 47 3 1 26 5 463 94 432 13) 30 7] 16 23| 53 43 g 1 42 2] 640| 93 691
2 AsAnOl 33 155| 44 77| 22 120] 34 352 0 0 0 0 298|100 298 166| 47 69 20 115| 33 350 0 0 o o0 604|100 604
3 HsMnO1 345 3,788| 79 430| 10 536 11 4,804 225| 10 472 21| 1,605 70 2,302 3,361| 66 1,127| 22 594| 12 5,082 46) 3 256| 17) 1,223| 8O 1,525
4 HsMn02 518 3,757| 76 518| 11 638| 13 4,913 442| 30 355| 24 669| 46 1,466| 3928| 76 656 13 590 11 5,174 273| 17 350| 22 981 61 1,604
2 5 HsSnD4 560 5,683| 8BS 387 B 652 10 6,732 2,302) 29| 1,394| 18| 4,138| 53 7,834 5,386| 83 438 7 675[ 10 6,499 1,454| 21 2,292| 33| 3273 47 7,019
[ BsSn01 605 7,211| 64| 1,894 17| 2076| 19 11,181 1,287 14| 2,041) 23| 5701| 63 9,029| 6,910| 61 2,485| 22| 1910) 17 11,305 474 5 2,058| 23| 6,548 72 9,081
7 Hs5n03 827 3,593| 79 428| 9 546| 12 4,567 165| 5| 1,001| 29| 2,247| 66 3,413 3,530| 80 393 9 492) 11 4,415 1| 0O 38| 2| 1612 98 1,651
8 Rs5n01 854 1,069| 85 89 7 58 8 1,256 534 12 935| 20| 3,125| 68 4,598 1,105| 81 83 G 184( 13 1,372 422 8 1,235 24| 3426 67 5,087
3 9 HsNn03 2,124 6,380| 84 511 7 660 9 7,551 1,335| 38 1,085 31| 1,123| 32 3,543 6,635| 89 366| 5 415| 6 7,416 807| 27 1,094| 37] 1052 36 2,953
10 AsSn01 8,699 20,458| 89| 1,121 5| 1417 6 22,996 13,854 65| 4401( 21| 3,059 14 21,314| 15,676| 87 1,480 7| 1567 7 22,723 11,029| 52 5,431 25| 4846 23 21,306
4 11 Hs5n02 15,999 22,636| 95 492 2 587 2 23,715| 18,285| 86| 1,375 5| 1,545 7 21,205| 19,688 84 3,152| 13 530 2 23,370| 17,011| 82 2,004| 10{ 1,680 8 20,695
RCP 8.5
Year 2050 Year 2070
Current Niche Future Niche Current Niche Future Niche
Modell Paramo Observed N‘E - N‘E N‘E R N‘E NE N "E "‘E ; N‘E
cdefing N*® Ecosystem Niche : E = - = E = —_ = E = - = E = -
Group 2 s I o L E r b L s I = i = = "
Code (km?)? g = g E g s g E g E= g £ g 2. g £
2 ®|8 E|w| B | L 2 |®|BE|xr| B |= L 2 |r| BE |®»| 2 |» L g2 |w| B E |®»| B |w L
] ] = o ] = o ] = o ] =
2 EL 2 £ 2 EL 2 £ 2 EL 2 £ 2 EL 2 E
8 g 8 2 8 g 8 2 8 g 8 e 8 g 8 2
= ] = ] e ] = ]
20 2 2 20
T s T s T s T K]
N 1 Hs5n01 12 13| 30 6| 14 24| 56 43 701 9 1 853| 98 869 12| 57 1| 5 8| 38 21 4 0 26| 1| 3,432 99 3,462
2 AsAnD1 33 139] 41|  124] 37 75| 22 338 o] o o] o 1e2{100 162 138] 49 =5| 20 85| 30 279 o] o o] o] 2s3/100 263
3 HsNno1 345 3,273 70| 780| 17| 26| 13 4,679 32| 3| 163| 16| 795 80 901| 2,868| 63 670| 15| 1,027| 22 4,565 al 1 65| 14| 391| 85 460
4 HsNno2 518 3656 74| ss2| 11| 727 1s 4,935 192 18]  374[ 35| 492 a7 1,058 3.890| 77 a51] o] 720{ 14 5,061 77| 23 123] 37| 138 40 336
2 5 HsSnD4 560 5,439| 82 524 8 6459| 10 6,612 1,176| 16| 1,565| 21| 4,755| 63 7,/496| 5,602 79 697| 10 782 11 7,081 338] 5 1,365| 19) 5464| 76 7,168
[ BsSn01 605 8,324| 70| 1710 14| 1,881| 16 11,915 465| 6| 2,823| 34| 4969 60 8,257 7,763| 73 1,173 11| 1,704| 16 10,640 15| 0 1,029| 17| 5114| 83 6,158
7 Hs5n03 827 3,470| 78 351 8 652| 15 4,473 o O 73 3| 2,056 97 2,129 3,574| 80 331 7 562( 13 4,467 o O 4 0O 1179100 1,183
8 RsSn01 854 1,122| 79 65| 5 233| 16 1,420 340| 8 827| 20| 2948| 72 4,115 1,097| 85 98] 8 103] 8 1,298 4 0 670| 12| 5058 88 5,732
3 9 HsNn03 2,124 6,385| 85 591 8 526| 7 7,502 B656| 27 942| 39 812| 34 24100 6,317| 85 581 8 576] 8 7,474 180| 27 183 27 303 45 666
10 As5n0l 8,695 20,245| 88| 1,253 5| 1,409 G 22,907| 12,665( 60 4,981 24| 3,466 16 21,112| 20,531| 88 1,251 5| 1440 6 23,222 8,746| 45 6,541 54| 4132 21 15,419
4 11 Hs5n02 19,999 22,745] 97 424) 2 398| 2 23,567 16,690) 82| 1,860( 9| 1,901 9 20,451 22,443| 96 489 2 430] 2 23,362 13,675] 76 2,106| 12) 2,181 12 17,962

*Observed niche is correspondent to the occurrence points obtained from the observestetosyap and used for model generation.
**Percentagef representativeness of niche arware calculated with respect to the total niche area predicted per scenario
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Figure 24 Example of proportion oflimatic niche area under higlmedium,and low consensus, based on current scenario per paramo modelling grbemraptrom the left correspondto
Modelling Group land thegraph from the centre represestModelling Group 2, while graph from the higcorrespond to Modelling Groups 3 and®he graphs represent minimum, first
quartile, median, third quartile, and maximum values
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3.2 Climate Change Impact

3.2.1 Impacton Climatic Niche Distribution per type of Paramo Ecosystem

&SR 2Yy &K mighks, 250 AuBdEraREA 4 Mmdderatd, one out of the eleven
paramo ecosystems.¢. HsSnOPcould experiencg/ A OK S 25% AlighS Bbsse 25% and
X75% were reported for three paramo ecosysteni®.(AsSn01l RsSn01& HsSnOA Six
ecosystems presented niche losse35% (.e. HsSSnO1HsNNO3 BsSnO1HsSNN02 HSNn01&
HsSnOR Total niche extinction wageported for ecosystemAsAnO1 Percentages of niche
expansiorare still very low (<4%) and probable only for four ecosystemsBs8n0,1HsSn04
RsSnO& AsSn0). By 2070patterns weresimilar;however, niche losses were more significant
in most casesParamoecosystemHsSn02was predictedio SE LISNA Sy OS yAOKS f 245
Niche losse§ H Pz F YR X Tp2 ¢SNB NB L2 NIKBNOBASSNIL F 2 dzNJ L3
and RsSn0X& HsSnOX Fve ecosystemsi.e. HSNn03, BsSn01, HsNn02 & HsNnm6forted
niche losses >75%, where many of them could grpee lossesignificantly close to their
extinction. Total niche extinction wasgisteredfor two paramoecosysters (i.e.AsAn01 and
HsSn03)In terms ofpotential expansion, percentagesere still verylow (K4%)and probable
only for three ecosystem@.e. RsSn01, AsSn@lHsSnO0X(Table2.9). Under RCP 8.®xXtremé
projections reflected higher niche losses and lower probability of niche expansion across all
ecosystems in comparisoto the moderate intensity scenario (RCP 4.5). By year 2050,
conside/ 3 2yfe& AGKAIK O2yaSyadza vy eOKSEHE ZI79R OKS  2:
reported for four paramo ecosystemgi.e. HsSn02 AsSn@, HsSn01& RsSnOL Five paramo
ecosystemsife. HsSn04, HsSn03, BsSn01, HsMh®E&NNO) presented niche losses75%,
where many of them could experiendessesclose to theirtotal extinction. Total niche
extinction was predicted fotwo paramo ecosystens (i.e. HsSn03& AsAn0l) In terms &
expansion, the percentage isw (K4%)and seems probable onlpr three ecosystemgi.e.
BsSn01AsSn01& HsSnO% By 2070, ithe losses>25% aR X T pi2 ' NBX NB L2 NI SR
paramo ecosystems (i.elsSn02, AsSn@L HsSn0)L Three ecosystems presentaithe losses
>75%(i.e. HsSn04, HsNn@ HsNnO2, where all of them could experience losses close to their
total extinction For this case in partitar, five ecosystemsife. AsAn01,HsNnO1, BsSn01,
HsSn03 & RsSnOdere identifiedunder risk of total niche extinction. In terms of expansion,
the probability is lover than the rest of scenarigs2%)and with this result probable only for
three paramoecosystems (i.edsSn02AsSn0X& HsSnO¥(Table 2.9 and Fig. 2¢gFig. 2.9. For
detailed informationregarding the spatial location (maps) of the impact for all paramo

ecosystems, setne supplementary material
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Figure 26 Location of Climatic Niche Impact on ecosystanamo Grasslan@HsSnORaccording to future
scenario RCP 4.5 (moderate) and RCP 8.5 (extreme), year 2050 & 2070.
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Figure 27 Location of Climatic Niche Impagh ecosystenParamo Evergreen Shrubland and GrasslgksSn0L
according to future scenario RCP 4.5 (moderate) and RCP 8.5 (extreme), year 2050 & 2070.
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Figure 28 Location of Climatic Niche Impact on ecosysfearamo Cawscent Rosettes (frailejones) and Grassland
(RsSnQ)jLaccording to future scenario RCP 4.5 (moderate) and RCP 8.5 (extreme), year 2050 & 2070.
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Figure 29 Location of Climatic Niche Impact on ecosystearamo Evergreenofest (BsSnOL according to future
scenario RCP 4.5 (moderate) and RCP 8.5 (extreme), year 2050 & 2070.
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Table 29 Impact of Climate Change on Paramos Climatic Nigsigibution by type of paramo ecosystem (codeferfuture s@narios (years 2050 & 207BCP 4.fmoderate) and RC®5 (extreme)

RCP 4.5 RCP 8.5
Year 2050 Year 2070 Year 2050 Year 2070
4 <€ < <€ S
Paramo N & T g £ OB I B T el B S
N° Ecosystem — = <= = L £ [ - B = L < — = IRE = L £ — = e v L <2
Cdle 8 & I £ 3 3 8% 5 L <3 3|E OE L S B E OB OE LI S BB
= < = 7 B8 g =) c = 7 T 2 =) c = 72  © B =2 c = 7 T© 2
] g 3 o g « ] c 3 o g « ] s 8 o g « g s 3 o S
T S | - a g T S | - a g o S | - a g © S | - o Z
b= c < o b= c < o b c < 5 = c < )
) o w ) o w ) o w ) o w
1 HsSn01 3 23 10 77 0 0 9 69 4 31 0 0 7 54 6 46 0 0 4 33 8 67 0 0
2 AsANnO1* 0 0 155 100 0 0 0 0 0 100 0 0 0 0 139 100 0 0 0 0 0 100 0 0
3 HsNnO1* 225 6 3,563 94 0 0 46 1 3315 99 0 0 32 1 3,241 99 0 0 4 0 2,864 100 0 0
4 HsNn02 441 12 3,316 88 1 0 273 7 3,655 93 0 0 192 5 3464 95 0 0 77 2 3813 98 0 0
5 HsSn04 2,133 37 3,560 63 169 3 1,232 23 4,154 77 222 4 956 18 4,483 82 220 4 248 4 5354 96 91 2
6 BsSn01* 1,227 17 5984 83 60 1 464 7 6,446 93 10 0 396 5 7928 95 69 1 12 0 7,751 100 3 0
7 HsSn03* 165 5 3,428 95 0 0 1 0 3,529 100 0 0 0 0 3,470 100 0 0 0 0 0 100 0 0
8 RsSn01* 495 46 574 54 39 4 409 37 696 63 13 1 340 30 782 70 0 0 4 0 1,093 100 0 0
9 HsNnO3 1,335 21 5,045 79 0 0 801 12 5,834 88 6 0 656 10 5,729 90 0 0 167 3 6,150 97 13 0
10 AsSn01 13,045 64 7,413 36 809 4110525 53 9,151 47 504 3111,853 59 8,392 41 812 44 8,322 41 12,209 59 424 2
11 HsSn02 18,180 80 4,456 20 105 016,928 86 2,760 14 83 0] 16,648 73 6,097 27 42 013,507 60 8936 40 168 1

*Paramo ecosystems showing signs of potential niche extinction.

**Percentages were calculated with respect to each corresponding current niche s€kigériconsensugresented in Tabl2.8.
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3.2.2 Impact on Climatic Niche Distribution at Nation&cale

Based orthe dwithout consensu's Sy & S Y 0 f,%he tlimdtiiNdche Gilable for paramo
vegetation at national scale could reach in average 25,896 &M 95 krf). By year 2050,2%

to 14% of the total climatic niche argeurrently suitable foparamo vegetationcould be lost
under RCP 4.5moderatd and RCP 8.5ektreme, respectively. By year 2070, climatic niche
losses could reach 13% to 21% when considesoenario RCP 4.5n6derate and RCP 8.5
(extrems@, respectively. Thegrcentage of ithe expansion reported for 2050 varied from 2%
to 3% and from 3% to 8%, based REP 4.5nfoderatd andRCP 8.5efktremsd, respectively
(Fig.2.10and Appendix I1.C)

Ly O2y NI ahigEcorsdnsieS RSYHSYof S | LILINRIF OKSE frKS Of A YL
paramo vegetation at national scale could reach in average 24,58@¥613 kA). By year

2050, 21% to 28% of the total climatic niche area, currently suitable for paramo vegetation,

could be lostunder RCP 4.5moderatd and RCP 8.5ektreme, resgectively. By year 2070,

climatic niche losses could reach 23% to 40% when considscamarioRCP 4.5nfoderate

and RCP 8.5ektremd, respectivelyThe percentage ofniche expansiorreported across all

scenarios was nufFig.2.11 and Appendixil.Q.

3.2.3 Climatic Niche Shifts

According to the current scenario, there are up to eight paramo ecosystems sharing the same
climatic niche. The highest percentage of climatic niatea isshared by two (35% in average)

to three (21% in average) paramo ecosystemhkijle 3%and 2% of the total niche area is
shared by 7 and 8 ecosystems, respectivBly2050there are between seven to five paramo
ecosystems sharing the same niche, according to scenario RCP 4.5 (moderate) and RCP 8.5
(extreme), respectively. Unddyoth future scenarios (RCP 4.5 & RCP 8.5),ldhgest niche
areais now occupied by two to one paramo ecosystenemching 42% and 23% of the total
niche areaavailableat that time, respectivelyBy year 2070thereis a maximum of six to four
paramo ecosytems sharingniches basedon scenarioRCP 4.5 (moderate) and RCP 8.5
(extreme), respectivelyAt that time, twvo ecosystems around occupying themajority of the

total niche area available, reachiBg§% or 29%The percentage of area occupied by only one
ecosystem increasdo 28% to 29%, according to RCP 4.5 and RCRPe8ffectively The area

of niche shared bymore than two ecosystemss progressively reducedcross all future

scenariogTable 2.1@&nd Fig 2.1p
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Table 210 Climatic Niche Shgunder future scenarios (years 2050 & 2070) RCP 4.5 (moderate) and RCP 8.5 (extreme)

Chapter Il

RCP 4.5 RCP 8.5
Number of
Current Current Current Current
Paramo Scenario Year 2050 Scenario Year 2070 Scenario Year 2050 Scenario Year 2070
Ecosystems
in the
Niche Area Area Variation | Area Area Variation | Area Area Variation | Area Area Variation
0, 0, 0, 0, 0, 0, 0, 0,
k) P k) T e k) T e T e kD) T e T e ke T k) T e
1 3,546 14 @ 5,762 23 62 4,237 18 @ 7,012 28 65 3,638 15 5779 23 59 3,414 14 7,156 29 110
2 9,249 37 10,458 42 13 7651 32 9450 38 24 8,802 35 10,493 42 19 9,087 37 7,352 29 -19
3 5083 20 2,123 9 -58 4822 20 1,224 5 -75 5248 21 1286 5 -75 5,000 21 321 1 -94
4 2,590 10 1,051 4 -59 2,660 11 436 2 -84 2,701 11 355 1 -87 2,899 12 36 0.1 -99
5 1916 8 190 1 -90 1,907 8 36 0.1 -98 1,916 8 36 0.1 -98 1,892 8 -100
6 1,079 4 28 0.1 -97 1,004 4 3 0.01 -100 1,277 5 ——-- ——-- -100 1,083 4 -100
7 914 4 9 0.04 -99 894 4 ——-- —--- -100 773 3 ——-- ——-- -100 817 3 -100
8 581 2 ——-- -100 492 2 ——-- —--- -100 546 2 ——-- ——-- -100 513 2 -100

*Percentages were calculated with respect to each corresponding current niche scenamoifsensus).
**the YA Yy dza é&eprébehts kedubtigrand, likewise, the plus sign "represents increment.
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4. Discussion

4.1 Climate Change Impact

The climatic niche projections obtained through this research reflectrgonomising future for

the Ecuadrian paramo ecosystemsin agreement with previous studies carried out in the
Andes(Cuesta, 2007; Cuesta et al., 2008; Tovar et al.,, 2013; Feeley and Silman,A2010)
reported in previous researclthis study sbhwed that h approximately 3q2050)to 50 (2070)
years according ® moderate (RCP 4.5) anextreme (RCP 8.5) GHG concentratiscenarios

the paramo ecosystems are dtigh risk of abruptiche changes. In the Andes, the most
vulnerable vgetation is thos with isolated omrestricted spatial distribution, highly endemic
biota and significantfragmentation (Herzog et al., 2011; Herzog et al., 2012; Cuesta et al.,
2008; Thuiller et al., 2005Wwhich causegreater camtraction of climate niche and in some
cases local extinctiofWilliams and Jackson, 2007; Williams et al., 2007; Tovar et al.,.2013)
This work is in agreement with this assertion as signs of potential extinggo& shown in five
(i.e. AsAn01 HsSn03, HsNnO1, BsSn01l & RsSparhmo ecosystems. In contrast, paramo
vegetation with broad distribution such #&aramo Grasslan(HsSnORand Paramo Evergreen
Shrubland & Grassland(AsSn0O) appeared less vulnerable to tiwe changes across all
scenarios. This could be seen as an explanation of thetrent predominancealong the
Ecuadorian Andes, as well as an indicator of their futtmlerance to extreme climatic
conditions such as those suffereal the pastduring the PliocenePleistoceng(Luteyn, 2002;
Young et al., 2002; Van der Hammen and Cleef, 1986)

Across all future scenarios, the impaat$ climate change on the paramdimatic niches
reported by this studyshowedfour potential trends of changencludingunchanged niches,
lost niches, expandediches,and extinct nichesBy 2050,six (RCP 4.5pr five (RCP 8.5)
ecosystemsould experience nichlbsses> 75% Among these critical ecosystemstwo (RCP
4.5) andfour (RCPB.5) ecosystemgseflected nichelossesclose to extinction ¢ /5 2050,
total niche extinction could happen ione (RCP 4.5pr two (RCP 8.5paramo eosystems
Potential niche expansiolK4% was reported as probable only for folRGP 4.)and three
(RCP 8)ecosystemsBy 2070five (RCP 4.5) dhree (RCP 8.5¢cosystemsould experience
niche lossesk/5% Among thee criticalecosystemsthree (RCP 4.5) or three (RCP 8.5)
reflectedlosses closéo extinction (390%) In 2070, he total extinction & two (RCP 4)or five
(RCP 8.5¢cosystemgould be expectedRegarding @otential niche expansion, percentages
are stillnot significant(4%) and probable only fahree ecosystemsunder both scenarios

(RCP 4.5 & RCP 8A} expected, mder the extrane scenario RCPB.5), projectionsreflected
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highernichelosseslower probability of niche expansiand higher number of ecosysteras
risk of extinctionacrossall ecosystem# comparisorto the moderate scenario (RCP 4.5he
percentages of nichekspresented hereare in agreement with similar studi¢€uesta et al.,
2012c) indicating anaverage reduction otlimatic nichein Andean ecosystemsf 80%to
100% potential extinction), by years 2020 and2050 (under emission scenario A2)

respectively.

The impact onthe paramo climatic niche tanational scale showeda nichedecreasing
tendency across all future scenaridmpacts were more critical when only high consensus
niches were considered. By 2050in@atic niche losses based on thvithout consensus
approachcould reach12% (RCP 4.5) or 14% (RCP 8.5), whereas by 2070, nichectagdes
increasetom 0> Oow/t ndp0 2 NJ H M highoonsensug O h QROSE 5 SR 2V f
niche losses could peesent 21%RCP 4.5r 28%(RCP 8.5)By 2070, niche reductions could
reach 23%RCP 4.5r 40%(RCP 8.5)'he probabilites ofniche expansiomvere highly unlikely

I 002 NR withaut condensés Yy A OKS & I y R high dain$ensids Hnat&ms o2 y &
spatial location of the impacpatterns of nicheloss were identifiecacross he entire Andes
Cordilleraof Ecuador However, parmo vegetationlocated at theSoutheasbf the Ecuadorian

Andes seemed to be more vulneraldhowing significant niche lossaad so requirespecial

attention.

Regarding climatic niche shifts induced by climate change, the results showed arefehr
towards a reduction irclimatic nicheshaed by more than one paramo ecosystemrass all
future scenarios analysed. Climaticime shiftsvaried from 8 ecosystems sharinifpe same
climatic nicheunder current climatic conditions to a minimum of BCP 4.5r 4 (RCP 8.5by
2050. By2070, the number of ecosystems sharing the eamthemay notexceed 4RCP 4.5)

to 3(RCP 8.5 Consequentlyan increase in the proportion of the area occupied by orlRQP
4.5)to 1 (RCP 8.5p4ramo ecosystemsvas evidentacross all future scenaripshis increase
goes hand in hand with theorresponding reduction of tharea d niche availableni the
future. Thiscould be seen aa sign thatmost paramo ecosystemwill find it difficult to adapt

to climate changesThese results confirmed the high vulnerability of high mountain vegetation
leading to species upward movement and species (ldsszog et al., 2011These findings are
consistent with assertions made by several auth@maljo and Rahbek, 2006; Anderson et al.,
2011)regarding the potential impact of climate change not only in terms of the location of
vegetation altitudinal belts but also regarding the appearance or disappearance of species

according to their level of tolerance to new climatic conditions.
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4.2 Emerging Hypothese

This study recognizes that besides climatic changes there are other ecological factors that
could influence the response of ecosystems at the species or community level including
ALISOASQE FoAfAGE 2F RAALISNAAZ2YI O2YLISGAGAZ2Y S |
different consequenceqRamirezVillegas et al., 2014)The level of impact on paramo
ecosystems will depend on the response of their species to future changes. Paramo species
would adapt to new ecological conditions and changing landscapes if teayp@bile enough

to track the geographic displacement of their climatic niches, they are capable of rapid
evolutionary change or they have a wide range of abiotic tolerar{Besennimann et al.,

2006) In contrast, very specialized paramo spe¢ies species that can thrive only in a narrow
range of environmental conditions) or species showing low colonization capacity could result
unable to adapt(Travis, 2003; Opdam and Wascher, 200BRAramo landscapes are
permanently transformed, due to diverse anthropaoge activities including livestock,
agriculture and burning, which affects possible emerging areas of some ecosystems, the ability
of species to move, increases the fragmentation of the habitat and reduces their capacity for

recovery(Tovar etal., 2013)

¢KS NBadzZ §a 2F GKAAa addzRé LINR2SOG | aA3IyATFAOLy
future scenarios. Doubt remains as to the possibility that a replacement between ecosystems

could happen in the future. In posfiacial times, ecgystems such as forests and paramo

vegetation have already experienced upward displaceméBtssh et al., 2004; Bush et al.,

2005; Hooghiemstra and Van der Hammen, 2004; Valencia et al.,. 28d@¢ver, given the

speed at which climatic changes are occurring, ecosystems will require species to migrate

faster. Otherwise, many populations of Andean species might decrease while novel species
assemblages might emerdEeeley and Silman, 2010)his study, like many others, supposes

that species will become extinct in those areas predicted as climatically inadequate for them
(Ohlemitiller et al., 2006)without considering the adaptive responses at the species or

population level that could reduce the negative effefitarte et al., 2004)

Due to its geographic location in the highest part of the Andes, paramo areas are considered
highly vulnerable to climate change duette lack of upslope area for migratigmovar et al.,

2013) The establishment of an ecosystem in emerging niche areas is a process that can take
decadeg(Tovar et al., 2013)in the process, species representative of each etesysvould

be established, as well as functional species or nurse plants that would facilitate the

colonization proceséNuriez et al., 1999)'he migratn of certain individuals will also depend
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on processes such as pollination and dispersion to ensure their reproduction. In the same way,
migratory species will have to face competition with the currently existing species. Species
competition will be stroger if the new climatic conditions are sufficiently variable to cover the
previous climatic conditions making the establishment of migratory species more difficult
(Valencia et al., 2010)

4.3 Implications for Management and Policy

Impact as predicted by this study could represent the alteration of paramo ecosystems in
terms of composition, relative abundance, functional diversity, and in some degxeadmic
species diversity (Millennium Ecosystem Assessment, 2005). In countries highly dependent on
paramo ecosystem services, as Ecuador, the reduction or disappearance of paramo natural
areas could seriously compromise water supply, flow regulatioigation and hydroelectric
generation (Bradley et al., 2006; Vergara et al., 2007). Any alteration of biodiversity affects key
ecosystem processes including biomass production, nutrient, and water cycling, and soil
formation and retention, among others. Tiefore, the quality and stability of paramo

ecosystem services would be significantly compromised.

Furthermoreg the total niche extinction for five types of paramo ecosystems, as was predicted
here, could represent the loss of abundant and less commo®gp&a NBRdAzOAy 3 (KS
capacity to cushion the impacts caused by physical and biological changes under climate
change (e.g. changes in precipitation and temperature). The changes in the exchange of
climatic niches between the paramo ecosystems ewvidgl in this study could be seen as a
potential sign of future invasion of high resistance paramo vegetation in altitudinal ranges
where previously they were not found. These changes could affect the carbon capture capacity
of paramo ecosystems since thhatacteristics of resident species determine the amount of
carbon that ecosystems assimilate and release into atmosphere Killennium Ecosystem
Assessment, 2005). The significant reduction of the climatic niches as was predicted showed
evidence of a pantial increase in the fragmentation and isolation of paramo patches.
Although some paramo ecosystems showed signs of greater tolerance to future climatic
conditions, this does not prevent significant losses from their original niches being recorded,
cancdling the possibility of connecting with adjacent paramo patchesprasicted by other

studies in the past (Cuesta, 2007; Young, 2009; Raivillegas et al., 2014).

Conservation and sustainable management strategies are crucial to minimize future smpact
Paramo areas should be prioritized by level of vulnerability based on these results.

Connectivity between remnant paramo patches should be also considered when implementing
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protection strategies in order to promote the maintenance of local populati@ased on the
assumption that vegetation patches linked or connected by a corridor decrease the rate of
extinction and have a greater value for conservation than isolated habitats (Noss, 2006), the
establishment of ecological corridors is recommended. @orsi should include different
environmental gradients and be sufficiently representative of the species habitat to facilitate
the dispersal of plants and animatbe recovery of landscape matrices, the survival of diverse
species (Donald and Evans, 200B)e awareness of all social actors involved directly (e.g.
indigenous communities and farmers) or indirectly (e.g. urban population) in the management
of the paramo areas is crucial when planning and implementing strategies for sustainable

management anadonservation of these natural resources (Adger, 2003).

Conservation and sustainable management strategies are crucial to minimize the future
impacts on paramo ecosystems. For this purpose, it is necessary to prioritize areas of
intervention by differentiding ecosystems by level of vulnerability as was identified here. The
patches of vegetation linked or connected by a corridor decrease the rate of extinction and
have a greater value for conservation than isolated habitats (Noss, 2006). Thus, the
connectivty between paramo patches through ecological corridors should be also considered
when implementing protection strategies to promote the maintenance of local populations
and address the problem of habitat fragmentation that was evidenced in this studsid@sr

in paramo areas should include different environmental gradients and be representative
enough of the species habitat to facilitate: the dispersal of plants and animals, the recovery of
landscape matrices, and the survival of diverse species (Doaadd Evans, 2006). In
humanized landscapes as paramo lands, the involvement of social actors (e.g. indigenous
communities, farmers, and urban population)ingportant to implementadequate strategies

for conservation and sustainable management (Adger, 2003)

4.4 Model Approach

In this analysis, climatic aptitude (bioclimate) was considerethaskey factor for paramos
survival(Buytaert et al., 2011However, his study acknowledges that in raglthe different
paramo ecosysters areinfluenced by several factors includingsgersal capacity, interactions
(competition) or thér physiologicakesponseto climatic stres§{RamiezVillegas et al., 2014)
among othersForecosystems still under study such as the paramgetation the inclusion of
these factordsdifficult due toalack of information. Consequentithe analysis wabmited to
measuringthe level of environmerdl tolerance(i.e. bioclimatic conditions) of the paramo
ecosystems under climate change conditions expected in the fuithese limitations might
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have been reflectedn the contradictory esults obtainedfor Sumaco Volcano's Paramo
Grassland and EvergreeShrublandHsSnO}Lunder RCRL.5 (moderate scenarip showing a
G0SySTADAL. bvier ne FoSseover the climatic niche area by 2070 compared to
2050. This could be an indicatasf GCM limitations when it comes topredicting climatic
conditions for periods over 30 yeaws could simply be a reflection of the analysis limitations
in terms of modelling scalelf this unexpected result is due to analysis limitatiottss
highlightsthe need for microclimatic data forhighly restrictedendemic vegetation. Similar
limitations have been faced before by other paramo niche stu@fesley and Silman, 2010;
Cuesta et al., 2012chighlighting the high sensitivity of these ecosysteand the need to
develop specific studies that promote a better understanding of their vulnerab#isy.n
previous studiefCuesta et al., 2008; Ramirgillegas et b, 2014) 1§ KS dadzyft AYAGSR RA &
criterion wasapplied assuminghat species can migrate and occupy new niches that become
suitable under future climatic conditionBespitethis being an unrealistic scenarithe results

in this studyreflected thehigh vulnerability of the paramo vegetatian the face of future

climate changesven when considering the best possible conditions for ecosystems survival.

Current niche results proved that having a greater number of presence records did not
necessaly guaranteethe better statistical performance of the model. In fact, AUC values
showed lowemodel performance for ecosystems with higher number of presence re¢c@sls
was highlightedn the pastby several authorgPhillips and Dudik, 2008; Elith et al., 2006)
Although statistically the number of records seems to have no relevancenitte spatial
coherenceseems to be affected for ecosystems watlower number of presenceecords. This

is the case of ecosimn HsSnO1which despite having a high AUC value. (0.9), niche
predictionsreflected obvious contradictions among scenarimscontrast, the two ecosystems
with the largest number of occurrencése. HsSn02& AsSn0}, which despite reporting the
lowest AUC valuef§.e. 07), had robustniche predictions across all scenaridberefore, this
study agrees with several authoésC 2 dzZNOI RS S | f X wnmnT [202 Si
et al., 2013; JiméneYalverde, 2014yvho recommend being cautious and not rielysolely on
statistical indicators to include or exclude a model, but rather conjoining them with an
adequate "sp#al" evaluation of the results based on specialized knowledge of the ecosystem
under study The generation of models was cadi out independently for each p@mo
ecosystem in order to reflect the individual behaviour of each type of vegetatider climate
changescenarios. Thereby, it is recognized that results are repodiegs ofclimatic niche

that could be also occupied by other ecosystetepending on their dispersion capacity and

other ecological factors.
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Considering thénighlevel of uncertaity surroundingfuture climate changeprojections for the
Andes(Buytaert et al., 2009; Tovar et al., 2018h ensemble approactonsideringtwo time
horizons (2050 & 2070), tw8HGemission concentration scenaddRCP 4.5 & RCP 8.5) aix
different GCMs was applied by this studyNo future models were discarded based on the
premise that all independent models could be considered flawed, however, many of them
contain some degree gfartial truth (McNees, 1992; Winkler, 1989; Araujo and New, 2007)
Thisallows for the control of errors and uncertaintiesn the individual modelgAradjo and
New, 2007)Based on the significant variation of nicikeaobtainedacross thesix GCMs, this
research highlights the importance of using more than one GCM to generate more robust and
reliable predictions The discrimination of niche areas bycategories of ensensus (high,
medium and low)is presented as aopd alternative forthe evaluation of climate change
impact, gven thatallows the reduction or partially cancelation of individealors (Tebaldi and
Knutti, 2007; Thuiller, 2004; Aradjo and New, 2007; Elith.e28alL0; Araujo et al., 2006} his
approach allowshowing differences on the magnitude of the impact as well as on the niche
expansion plausibility which in practice could lead to different conclusiofidhis study
confirmed in the evaluation of impacht national scale, thaby considering all niche areas
without discrimination of GCM consensusthe impact could be somehow underestimated,
minimizingthe losses andnaximizing theprobability of niche expansionn contrast impact
based on niche areasedtified underhigh consensusouldoverestimatethe impact,this time
maximizing the losses and minimizing the probability of nichgaegion.Notwithstanding
based on the large percentage of future niche area reported under low consensus, the results
presented here, based only on high sensus nichescould haveincreased thereliability of

the impact reported Finally, he use of RQPasthe basis for the future projection othe
climatic niches allowed the intrinsic considergon of socieeconomic fators that could
influence the impact of climate changet regional and global scalédespite being a
contribution to the understanding of the paramo vegetation behaviamder these new
premises,the resultsshowed that mitigation effortsas assumed igcenario RCP4.5 do not

seem toreduce theimpact of climate changen the Andean paramo ecosystems

Finally, this study recognizes that the failure to include points of occurrence of paramo
ecosystems from other Andean countries could have caused onlytialp&presentation of

the Andean paramo niches. Although, several studies suggest that the accuracy of the model
can be improved by increasing sampling across certain underrepresented(boésalle et al.,

2008) others(Kadmon et al., 2004; Raes, 20%&)te that an area of greater sampling may not
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be required when the climatic gradients of the species/ecosystems are relatively well
represented, or when there is a relatively large number of presence totafe.g. >100), as in

the case of the present study. Based on the good coverage of presence points used for
Ecuador and the similarities existing between paramo ecosystems found across the entire
Andes regiorfHofstede et al., 2014)t is presumed that the results presented here continue to

be a significant contribution to the understanding of the potential impacts of climate change

on paramo niches.

5. Conclusion

This research recognizes the urtainty surrounding the resultgpresented The study
acknowledgesthe limitations of climatic niche distribution models produced iMaxent
(Pearson et al., 2006; Elith et al., 2010; Elith et al., 20Ei)ly inclimatically canplex regions
such as the AndesThe accuracy of the predictions could be improved in future studies by
building better climate models based on improved ddatherefore, it is important to promote
the collection and evaluation of climate dafiam different elevations along th&cuadorian
Andes to facilitatea better representation of local and temporal climatic changes (e.g.
temperature and precipitation patters, cloud formation, orography influence, eteuture
research should consider niglareas identified abigh and medium consensts increase the
reliability of the results In the tuture, efforts should be focused on carrying out paramo niche
modelling at a regional scale, including the six countries (i.e. Panama, Costa Rica, Peru,
Verezuela, Ecuador, and Colombia) presenting paramo ecosystems in their territories to
guarantee the total representation of the niches and their future tolerance range more
precisely.

Despite the limitations, the results obtained areational estimationof the potential effects

of climate change on the paramo ecosystems confirnthrgjr high vulnerahlity to climate
change. The findings can inform decision makeasd could promote the sustainable
management of the paramo ecosystemsFuture efforts shouldbe focused on the
implementation of priority measures in paramageasidentified under nicheextinctionrisk or
consideredhighly vulnerable Complementary analyses referring fearamo socieeconomic
importance(e.g fresh water, hydropower, irrigation,;raong other$ are alsoneededto focus

resourcen the most vulnerable sites
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Chapter Il
Estimates of Carbom Soil and Vegetation of the

different Ecuadorian Paramo Ecosystems

1. Introduction

Terrestrial carbon (C)plays a significant role in regulaginmany ecosystem services and
contributing to human weltbeing (Schimel, 1995).arge amounts ofC are stored in living
vegetation necromassand in organic matter in soilBellamy et al., 2005)n vegetation,C
accumulates as aet reault of input (i.e. photosynthesis) and los&.g. respiration, fire, or
harvest)processegBatjes, 1996)In contrast,n soils, he amount of organic C stored depends
on the balance of te biotic processesthe production of organic matter by terrestrial
vegetation and the decomposition of organic matter by soil organigRwst et al., 2001;
Batjes, 1996)Soil Cis of particular importance sincgilsare among the largest terrésal C
deposits playing an important role in glolasequestration(Bernhardt and Schlesinger, 2013)
It is estimated that theglobalamount of C contained in the terrestrial vegetation is the
order of 550 + 10@5t C (Jobb@y and Jackson, 20QGyhile theworld's soils contain between
900Gt C (at 2 metres depth) anti500Gt C (at 1 metres depth)Kirschbaum, 2000)Thusthe

global C content in soils could represent tvecthree times the C found in vegetation.

Terrestrial sinks (soil and vegetatio@move about190455 Gt C from the atmosphere
annually which represent228% of the total atmospheri€ content (Le Quéré et al., 2017)
dimatic conditionsjn particulartemperature and precipitation, have a great influenan the
amount of Cstored in vegetation and $is, due to their influence on plargroductivity and
degradation rates of organic met (Schlesinger 1997). Therefor€,densities (carbon mass
per unit area) of vegetation and soils will differ betweenmeliic regions €.g. boreal,
temperate, or tropical)Blais et al., 2005Many other variables could affect th€ storedin
terrestrial ecosystems. In the short to medium term, land use change is playingnieant

role in C fluxes between land, water and the atmosphe(®@rown et al., 1993)Long term
carbon fluxes are mainly influenced by increases in atmospheric concentrations ,pf CO
changes in temperatures and precipitation, and alteration of patterns and magnitudes of

chemical inputs in the atmospher@rown et al., 1993)
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Global climate changeould affectthe C stored in vegetation and so{iSramer et al., 2001; Le
Quéré et al., 2017; Houghton, 2007; IPCC, 2014c; Joos et al., Bedides gladd warming,
precipitation patternamay also changaround the worldwhich may even change soils from a
net C sink into aet source of C due to changes in soil moisture and alterations in underground
hydrological processe@eisler and Weltzin, 2006However, here is stilluncertainty inthe
amount of Cstoredin and potentially emitted by manyterrestrial ecosystemgaow and in the
future (Scharlemann et al., 2014Knowledgeabout the nature andsize of current carbon
stocks will help to adequately parameterizeodels to estimate nefuture carbon changes
(Post et al., 2001)Considering the influence of the carbon reserves of the terrestrial soil in
atmospheric carbo chemistry and global warming, the reliable evaluationeocbsystems
current carbon storage as well as estimating its potential future change is a p(®iégelle et

al., 2010; Baldocchi, 2008)

In this regard, the Biodiversity Strategy to 2020 highlights the urgent need to represent
ecosystem services through biophysical mapping and valu@iifaes et al., 2012; Mubareka

et al., 2013)Over the years, great advances have been made in the development of ecosystem
service modelling and mapping approaches aimed at understanding stocks, demands and flows
of ecosystem services dalifferent spatial and temporal scale@urkhard et al., 2013)
Ecosystem service maps can be generated based on representative saffrihie®ntire study
region, modelled surfaces based on primary data or by proxies based on land cover and
modelled surfaces using prior knowled@eigenbrod et al., 2010bjor this purpose, a wide
range of tools such as thematic mapping, GIS, remote sensing, multiple criteria analysis and
geobiophysics and decision process models are currently avai(@uekhard et al., 2013)
However, die to the lack of available data, most ecosystem service maps are based on gross

estimates (proxies)Naidoo et al., 2008)

Knowledge of the distribution of carbon content in areas where esiB$n services are
thought to be of local or global importance is esser(fidinasny et al., 2006)Therebre, in the

last two decades, there has been substantial progress in the quantification of carbon content.
Worldwide, consistent global databases based on observations of carbon in vegetation
biomass have allowed the generation of proxies for carbon stofagseveral biome@Naidoo

et al., 2008) Unfortunately, some carbomproxies not only have used global carbon data
published more than 30 years ag@®Ison and Dinerstein, 1998ut they represent by one
singke value the carbon stored in just a few types of globally mapped bidiailoo et al.,
2008) In addition, the majority of these global Initiatives have been mainly focused on the

quantification of carbon in forest ecosystems with a view to implementing REDD (Reducing
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Emissions from Deforestation and Degradation) projetésving aside other important

ecosystems.

Many global soil information systems are currently available for modelling SOC stocks and
estimating C sequestration, including the harmonized global soil database (HWSD) and the soil
and land database (SOTERNoag others. More recently, Batje@016) produced more
complete estimates of global SOC populations using the WISE30sec databases improving
results spatial resolution~0.86 knf). However, WSE30sec data have been identified as not
very useful for many global simulation models and decision making syqtdergyl et al.,

2017) Although, global data sets have considerabléspbal to improve estimates of carbon

flux in the soil in a changing climate, they present certain deficiencies. Global data sets may
not be able to capture the local and regional heterogeneity resulting from the complex
interaction of environmental drivs (Vitharana et al., 2019Frequently, soil profile data used

in global soil mapping are collected over different periods of time and through a variety of sail
analytical methods. Additionally, there are geographicbgycaused by the unequal spatial
distribution of the global soil profile data seBatjes, 2016)As a result of these limitations,

unreliable and coarse global estimates are obtained, makindfitulifto use at national level.

Developing countries, such as Ecuador, require solid estimates of carbon stocks for the
successful implementation of climate change mitigation poli¢®matchi et al., 2011Badly,

the collection of primary and sigpecific data result expensive and time consunfPigmmer,

2009) The scarcity of information at relevant scale and good resolution has been a major
obstacle to understanding, valuing and protecting the Ecuadorian ecosystamsequently,

f2NJ RSOFRSax 90dzZ R2NJ KIFd 0SSy dzaAy3a 3INR&aa O Nb.
carbon maps (e.g. Saatchi et &011)and Baccini et al2012), which do not adequately
represent the finely grained mosaic of vegetation present in this megadiverse cobDetspite
limitations, in 2008, Ecuador produced its first national map of carbon for forest ecosystems.
Theestimates of carbon values per forested area were obtained by applying remote sensing
techniques based on the use of satellite images (Landsat and MODIS) of coarse (500 m) to
medium (30m) resolution combined with plots obtained from the National Fordstrgntory
(Bertzky et al., 2010)The map was based on the updated stratification of forest vegetation
and estimates of biomss (belowground and aboveground) carbon contéBertzky et al.,

2010) Although this study provided a wealth of valuable aait does not account for the
variation of carbon stocks found across other types of Andean ecosystetnging paramo

ecosystems
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Among the terrestrial ecosystems with limited information on carbon stocks are the paramo
ecosystemswhich arepotentially an important net Gink (Winckell et al., 1991; Podwojewski
and Poulenard, 2000aJhese ecosystems can be found in the humid tropics of the Andes from
Colombia to northerrPeru, predominantlyabove 3,500 m.a.s.I(Buytaert et al., 2005b)The

high mountainvegetationis dominated bygrasslandand shruts. The C storage in the soils and
the vegetation areinfluenced by geographical isolatiomnd biophysical, geological and
climatic factorgLuteyn and Baslev, 19938lthough the plant mass of the paranecosystems

are considered as an overall €ink, the soil is assumed to be a more important C store
(Hofstede et al., 2014)nfortunately, iimate change andgicultural intervention could alter

the regular functioning of paramo ecosystems causing loss of organic matter in surface
horizons, reductiorof water retention capacity and alteration of microbial biomass and soil
biota (Cuesta et al., 2014; Buytaert et al., 200Q6l)e anthropogenic pressures could alter the
role of the paramo ecosystems as natural ks causinghe potential loss of Gtored in

soils and vegetation to the atmosphefBuytaert et al., 2011)

Therefore this study identified the need to producearbon stocks proxiefr the Ecuadorian
paramo ecosystems to facilitate the adequate planning, policy forrmmatand sustainable
managementof these naural areas An alternative method known as "benefits transfer" was
considered a good optioto estimate and map thearbon stockin Ecuador, since this country

is constrained by lack of data and information on this matfehnis approach is applicable for
studiesin which the ecosystem services to be mapped are homogeneous/hedresults are
FAYSR G aavyLie OfraairfeArAyd | yR (Higehdtadefd, 4§ KS SO
2010a) In thisstudy, specificallybenefit transfer mapping allowed to extrapolatiee values of
carbonstored in soil and vegetation frommallparamo areago larger paramoareas of the
samekind. For this purposethe adaptation of information from original investigatiocarried

out in everal paramo sites across the Andes of Ecuadis required This studywas able to
summarise all the available data on C stocks in the soil and aboveground vegetation of the key
types of paramo ecosystems existing in Ecuadibe studyalso assessed howegetation type
(Bunker et al., 2005; Sombroek et al., 1998dil characteristic{Pribyl, 2010) altitude
(Townsend et al., 1995peographicalocation (Spracklen and Righelato, 201ah)d climatic

conditions(Jones, 1973)mpact on these C stocks.
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2. Materials andMethods

2.1Study Area

The study area comprises all the paramo ecosystems of Ecuador, distrddategitheEastern
and Western Cordilleraisom the border with Colombia in thieorth to the Peruvian border in
the south, coveringin area o0f1,297,979 ha, equivent to 5.1% of9 Odzr R2 NR& y I GA 2y | f
(Cuesta et al., 2012bjFig 3.1) These ecosystems are usually foumitove thetree line
(Andean Forest) abov&500 m.a.s,lin the centre and north of the country, and above 3,000
m.a.s.lin the south(Hofstede et al., 2014; Mena and Hofstede, 2006)the paramo region,
climatetogether with the Andes geologichistory €.g. age of rise, type of rock apdesence

of volcanism andgeographical aspecwich as geomorphology amghcation are determinant
factorsinfluencing theC stocks ifoth soiland vegetation(Buytaert et al., 2005a; Llambi et al.,
2012; Jgrgensen and Ulloa, 1994; Mena et al., 2008 precipitation in the Andes is
determined by the Andean orography and the influence of locally prevailing winds, which
determines its high temporal and spatial variabil{uytaert et al., 2010)The Humboldt
Current brings drier air masses frahe Paific, which causes thggdramo vegetation located

in the Western,Central,and Southern @dillerasto receiveless precipitation than in thearth
(Vuille et al., 2000)The EasterrCordillerais dominated by humid winds from the Tropical
Atlantic and the Amazon basin causing a predominantly humid and Hypeid rainy émate
(Vuille et al., 2000; Vuille et al., 2008onsequently, the parammegionis characterized by
precipitationthat varies significantly between 500 to >3,000 mm/yead anannual average
temperature between 2°@0°C with daily variations ranging from | zero to >25°C
(Hofstede et al., 2002a; Llambi et al., 2012; Mena et al., 20@dhperaturan both Cordilleras
are marked byaltitudinal floors (Camacho, 2014)Thus, paramo vegetation located the
Central (Eastrn Andes) andVestern Cordillers, at 3,0063,600m.a.s.l and at 3,2063,900
m.a.s.l, respectively experiencetemperatures ranging from6°G12°C.In contrast, vegetation
located from 3,600 (Eastern Andeand 3,900m.a.s.| to 4,700 m.a.s.] (Western Ande},

experiencegemperatures between 3°@ 6°C(Canadas Cruz, 1983)

In Ecuadorparamo soildocated in the Northern and Central Andes restvolcanic deposits
product of Quatenary volcanic eruptiongWinckell et al., 1991; Barberi et al., 1988; Sauer,
1957) and differ from southern Andesoils that are resting on np-volcanic deposits at
altitudes above 3,000 metrgdlena et al., 2000)nfluenced by thesgeological characteristics
northern/central paramosoils are sparsely developed and relatively young dueadtive

volcanism that continues to provide layers of ash and pyroclastic matdtikmbi et al.,
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2012) Depending orgeographical location, the paramo soils vary in thickness ranging from a
few centimetres to several metres (up to 3 metres) and hawvkawk colour due to their high
organicmatter content(Buytaert et al., 2006b)n general, all paramo soils have a high content
of organic matter ¥5%)(Hofstede et al., 2014)Ecuadorian paramo soils have mineral and
organic composition withpresence of organometallic comples resistant to microbial
degradationwhich enforces the organic matteaccumulation(Buytaert et al., 2006h) The
most representative parameoils in Ecuadorare inceptisols and histosols (peat), covering

85.7% and 7.2% of thetal paramoregion (Table 3.1) (See soils description in Chapter )

Due to extreme weather (i.e. cold and humidnvironmental conditions)the paramo
vegetation is dominated by taditructured grasland andshrublandvegetationinterspersed
with patches of paramo giant rosettes (frailejonesand evergreen paramoforests (e.g.
Polylepis Gynoxys and Buddlejd (Hofstede et al., 1998; Mena et al., 2001; Mena and
Hofstede, 2006)Paramo ecosystems are well adapted to low temperature and high ultraviolet
radiation which is reflected in lowiomass with slow decomposition of orgammatter and
high accumulation of dead plant materialecromasyin the soil(Camacho, 2014; Hofstede et
al., 1995; Monasterio and Sarmiento, 1991; Smith and Young, 188@)omass is preserved
as part of growig plant structures such as tussock grasses and stem rog&tegh, 1979;
Monasterio and Sarmiento, 1991Up to 70% of the aboveground biomass could be
O2yaiAiddziSR o0& & &(Gdrdgze And Schrietfet, FOE6; HOfstéds atill, 1995)
The most predominant paramo ecosystems in Ecuador Réeamo Grassland (HsSnGi)d
Pamamo Evergreen Shrubland and GrassldAdSn01)covering 715% and 16.5%o0f the
Ecuadorian paramo region, respectively. Evergreen Paramo Forest anehta@ing types of
shrubland and grassland ecosyster®e less representativeovering 12.6% of the total

paramo regior(Table 3.1)

Table 31 Paramo ecosystems in Ecuador versus soil otmised on the Map of Ecuadorian Continental Ecosystems,
scale 1:100,000 (MAE, 2013a) and National Soil map of Ecuador, scalel: Z500@®P, 1986)

Soil %Vegettion
. . . Representativeness
Paramo Ecosystem Soil Area Representativeness . .
N° in the Ecuadorian
Ecosystem Code Order (ha)* by Ecosystem Paramo Region
(%) (%)
Southern Paramo High Inceptisol 211.0 99.8
1 Montane Evergreen AsANnO1 Entisol 05 0.2 2E0?2
Shrubland
Subtotal 211.5 100
{dzy 02 =21
Paramo Grassland anc  HsSn01 Inceptisol 3920 100
2 3.0E04
Evergreen Shruahd
Subtotal 392.0 100
3 Evergreen Paramo BsSn01 Inceptisol 5,953.2 71.6 0.6
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Soil %Vegeat_ion
= A q Representatlveness
Paramo Ecosystem Soil Area Representativeness . .
A Ecosystem Code Order (ha)* by Ecosystem n t,h © Ecuadon_nan
Paramo Region
(%) (%)
Forest Entisol 824.0 9.9
Other
mineral 1,504.7 18.1
soils
Histosol 28.0 0.3
Subtotal 8,310.0 100
. . , Inceptisol 3,555.3 69.1
A H“m'dg’r‘;bsg'l‘;i'dparam‘ HsNNO1  Entisol 1,575.5 30.6 04
Histosol 14.9 0.3
Subtotal 5,145.7 100
Inceptisol 5,979.9 55.9
Entisol 311.6 2.9
Floodable Paramo Other
5 Grassland HsSn04 mineral 123.5 1.2 0.8
soils
Histosol 4,283.7 40.0
Subtotal 10,698.7 100
Inceptisol 2,189.0 48.8
Entisol 2,258.7 50.3
Ultra-humid Subnival Other
6 Paramo Grassland HsNn02 mineral 29.3 0.7 0.3
soils
Histosol 10.1 0.2
Subtotal 4,487.0 100
Inceptisol  30,799.4 93.2
Humid High Upper Entisol 1,932.3 5.8
Montane Paramo Hssno3  Other
7 Grassland mineral 123.0 0.4 25
soils
Histosol 178.5 0.5
Subtotal 33,033.1 100
Inceptisol  45,175.4 97.8
Paramo Caulescent Other
8 Rosettes (frailejones)  RsSn01  mineral 273.1 0.6 3.6
and Grassland soils :
Histosol 751.8 1.6
Subtotal 46,200.3 100
Inceptisol  46,605.2 96.3
Paramo Subnival Entisol 1,190.0 25
9 Evergreen Grassland HsNnO3  Other 3.7
and Shrubland mineral 483.8 1.0 '
soils
Histosol 132.5 0.3
Subtal 48,411.5 100
Inceptisol  171,086.0 80.1
; Entisol 2,948.2 1.4
Paramo Evergreen Other
10 Sh(;“b'a”d and ASSMOL - ineral  11,690.1 55 165
rassland .
soils
Histosol 27,811.4 13.0
Subtotal 213,535.6 100
, Inceptisd  800,952.6 86.4
11 Paramo Grassland HsSn02 Entisol 22 561.0 54 71.5

Page |77



Chapter Il

Soil %\Vegettion
2 . . Representativeness
NO Paramo Ecosystem Soil Area Representativeness in the Ecuadorian
Ecosystem Code Order (ha)* by Ecosystem

Paramo Region

&y %)

Other
mineral 43,756.0 4.7
soils
Histosol 60,284.5 6.5
Subtotal 927,554.1 100
Total Paramo Region 1,297,979.5 100

* Area of paramo ecosystems excludiogky outcrops, snow/ice, and wateodies (natural or artificial), which amounts to
182,2724 ha.

2.2 Benefit Transfer Mapping

The quantification and evaluation of ecosystem services can play an important role in
conservation planning and ecosystdrased managemen(Plummer, 2009) Unfortunately,

the collection of primary and sitspecific data is expensive and time consumiRtummer,

2009) Thus, alternative methods such as "benefits transfer" are a good option for studies
where information is scarce. Benefits transfadapts information from an original
investigation and apply it in a different context of stu@Rosenberger and Loomis, 2008)ost

benefit transfer studies focus on estimating the economic values of ecosystem services.
However, its use can be much broader including ecosystem services mapipimtechnique is
applicable whenthe ecosystem services to be mapped are homogeneous and results are
FAYSR G aAyLiXe Ofraairferayd | yR (Mdehbtadefd., G§KS SO
2010a) The most common benefit transfer applies an estimatéhe value per hectare to all

areas that have the same land cover or habitat typeedtimates the value of ecosystem
services in different landscapes from a standard set of categories of ecosystem services (e.qg.
carbon storage) and landscape typesg(gparamo) that are then linked to a set of benefits

(e.g. carbon sequestration) that are supposed to proyRlemmer, 2009)

This methodological approagiresents several advantages including low cost and-gagk
application (Barbera, 2010)However, it is particularly susceptible to generalization errors
resulting from lack of corresponden¢Blummer,2009) The three main generalization errors
that this type of approach could generate are known as uniformity, sampling, and
regionalization(Plummer, 2009; Eigenbrod et al., 2010a; Eigenbrod et al., 20Udtprmity
error happens when values are considered constant (uniform) for each type of ecosystem
without considering additional factors such as biophysical differences. Sampling error is caused
when sampling sites are limited and biased to certain areashwhareases the risk of errors
in the estimatesEigenbrod et al., 2010aJhe third typical error is known as regionalization
error (Plummer, 2009; Eigenbrod et al., 20l10aaused by the differences in
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representativeness of the sampling ardasrelation to the area being mappg&igenbrod et

al., 2010a)

In the case of Ecuador, this methodological approach appeared very attractive due to the
difficulty of applying more complex models to estimate reserves aarbon fluxes (e.g.
GefSoc, Century, and RothC). Complex models lack spatial dimensions and do not include
parameters adjusted to the specificities found in the paramo reg®evink et al., 20145uch

as porosity and bioturbatiofElzein and Balesdent, 1995; Smith et al., 1997; Jenkinson et al.,
2008) More importantly, these models are based on fractions of soil organic méa@M)

and decomposition processes that are not representative of the volcanic ash soils existing in
paramo landgSevink et al., 2014Most of the existing carbon odels focus on estimating the
carbon content in the upper layer of the soil (<25 cm depth), which constitutes a great barrier
to its application given that paramo soils store a large amount of organic carbon at greater
depths(Sevink et al., 2014)

In addition, knowledge about the carbon reserves in the various compartments of paramo
ecosystems and their dynamics is really scdBertzky et al., 2010; Sevink et al., 20Ife

data currently available on paramo carbon stocks are the result of small, isolated, zsedl bi
research efforts unrepresentative of the variety of carbon stocks existing in this type of
vegetation(Sevink et al., 2014)Jnder these circumstances, benefiamsfer was considered a
good option for this study due to its applicability for studies with limited information.
Specifically, this approach was used to quantify and map the carbon stored in paramo soil and
vegetation by extrapolatingzalues of carbon cdaent per hectare to paramo ecosystems
presenting similar habitat type. Further explanation on the application of this technique is

presented below.

2.3 Carbon Data Compilation

Carbon data were compiled from literatur®7 sources reviewed; 14 used) producky
researchers andhstitutions over 15 years (2002 to 2016) at differgrdtramo sites along the
Ecuadorian AndeEastern and Western Cordiller&yeb-based data compilation was focused
on collecting sampling data on soil and vegetation biomass (abovedrdiomass and
necromass) to determine carbon stocks of tary paramo ecosystemsxisting in Ecuador. For
this purposethe followinginformation wasincluded in the compilation: sampling site name
and geographicallocation (coordinates)samplingvegetaion stratum, soil sampling depth

from soil surface, percentage of soil organic ma{®OM) soil organicarboncontentper unit
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soil area (SOC3oil bulk density and depending on data availability carbon comentnit soil
areain abovegroundbiomassand abovegroundnecromassDue tolack of a common protocol

for soil datacollectionthe information available varied in depth ranges between sources
Based on the assertion that most types of soil contain more than 50% aftahed carbon in

the top 25cm of the soil([Eswaran et al., 1995; Garnett et al., 2Q0thjs study defined as
standard depth intervals of-80 cmwith a depth variationrange of +/ 5 cm to enable the
comparison between secondary sources and to increase the reliability of the carbon stock
estimation. In making this decision, the calculation includeolt of the organic horizon of
inceptisols and htesols which are the most predominant paramo soil orders in Ecu@dale

3.1).

Once compiled,quality control was applied to discard plots lacking spatial location or
presenting incomplete dataln cases Wwere geographical coordinates were not available,
approximate locations were assigned based on the location naaqusdescription of the
sampling sitedfound in the secondary sources consultedhere were few cases in which
mapping scaleonflictswere identified for which spatiahodification ofthe samping points
was required. Spatial modifications respected thienit defined according to the paramo
ecosystems mapping scale (1:100,000) corresponttinghe minimum value of horizontal
accuracy equivalent te/- 50.8 metres(Burrough, 1986)beyond which no spatial alteration
was permitted. Based on this, the discrimination of sampling sites Iy ¢dwspatial accuracy
and precision was considered necessafppendixIll.A). An accurate site was considered
when the site coordinates match the true location whereas a site was considered precise when
the sources included good attribute information lexfted in a detailed coordinategescription

(e.g. coordinates including degrees, minutes and seconds; coordinate system and datum).

Despitethe elimination ofseveral datait was possible to collect sufficient informatido
characterize thesoil carbon content for 8 out of the D types of paramo ecosystems31
different sites and51 sampling pointsin total) covering95.4%(1,238,477ha) of the total
paramo areaof Ecuador (Table 3.2a)he solution found to fill gaps in soil information for the
other two paramo ecosystem@.e. HsSn04&nd HsNnO3 included in theestimate is explained
later (Section2.3). In the case ofregetationbiomass (aboveground biomass and aboveground
necromass)data was available for 5 paramo ecosysten(s different sites and 48asnpling
points in total) allowing the characterization d9% (1,154,756 ha) of thetotal Ecuadorian
paramoland (Table 3.2b)The solution found toilf gaps in biomasmformation for the other
five paramo ecosystemé.e. HsSn04HsNnO3 HsNn02 HsSn03and RsSn01jncluded in the

estimate is explainethter (Sectior2.3). Due to lack of information on carbon content on soil
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and vegetation{ dzyk 02 +2f Ol y2Q& t 1+ NI Y2 DNJIHaSn@lvaéR I y R
excluded from altarbon stoclestimates However, this ecosystem covers only 392 ha which is

0.03% of the total Ecuadorian paramo ar€khe final data were classifiediompleted,
standardied (units and terminology) and finalymapped based on the geographical
coordinates available (Fig. 3.Bor calculation purposes, samplirdata were spatially linked

with the correspondingtype of paramo vegetation and soil order with the purpose of
differentiating their specificcarbon contribution using theMap of Ecuadorian Continental
EcosystemgMAE, 2013a)nd the National Soil map of EcuaddMAGAP, 1986)ArcGIS

software version 10.4.1was used to locate all sample points and to perform the spatial

analysis required.
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Table 32a Data compiled for the estimation of SoilrBan Stock by paramo ecosystem.

# # Samplin ol Andes
N Code Ecosystem . Site Soil Order Plot Code piing RangeDepth ; Reference
Sites Plots Location
(cm)
. . . CJN13,CJIN14, Eastern (Santin Aguirre and Vidal
1 AsAnOl Southern Paramo High Montane 1 El TiraCajanuma Inceptisol CIN16 3 0-25 Cordillera Gonzélez, 2012)
Evergreen Shrubland El TireCaianuma Entisol CJIN11, CIN12 3 0-25 Eastern (Santin Aguirre and Vidal
J CJN9 Cordillera Gonzalez, 2012)
Eastern and
3 BsSn01 Evergreen Paramo Forest 1 Ecuadorian Andes Inceptiol BA 12 0-30 Western (Hofstede et al., 2002b)
Cordillera
. . . . Western .
4  HsNnOl1 HumidSubnival Paramo Grasslan 1 Yanacocha Reserve 1 Inceptisol YAC2 1 0-30 Cordillera (Calderén et al., 2013)
6 HsNnop  Ulrahumid SubnivalParamo g o Inceptisol PLG9, PLG10 2 0-25 Western (Mufioz Alcivar, 2016)
Grassland Cordillera
7  HsSn03 Humld’ngh Upper Montane 1 Chimborazo Volcano Inceptisol CHV1 CHV2 2 0-30 Wes.tern (Podwojewski et al., 2002)
Paramo Grassland Cordillera
. Western
. ResnoL P4ramo Caulescent Rosettes , El Angel 2 Inceptisol GEL 1 0-30 Cordillera (Poulenard et al., 2003)
(frailejones) and Grassid . . P2 A, P2 B, P Western .
Chiles Volcano Inceptisol A, P3B 4 0-30 Cordillera (Ipial, 2013)
. . . CJING6,CINS,C. Eastern (Santin Aguirre and Vidal
10 AsSnol Péramo EvergreeShrubland and 1 El TireCajanuma Inceptisol N15 s 0-25 Cordillera Gonzlez, 2012)
Grassland . . . Eastern (Santin Aguirre and Vidal
El TireCajanuma Entisol CJIN3, CIN10 2 0-25 Cordillera Gonzalez, 2012)
. . (Santin Aguirre and Vidal
El TireCajanuma CJIN5,CIN7 2 0-25 Eastern Gonzalez2012)
: Cordillera
Ningar NI4 1 0-30 (Buytaert et al., 2006c¢)
11  HsSn02 Paramo Grassland 5 Cuenca Inceptisol CUE 1 0-30 (Poulenard et al., 2003)
Western
Machéngara Catchment MA5 1 0-30 Cordillera (Buytaert et al., 2007)
Western Cordillera (Buytaert et al., 2005a;
(north to south) CH3 1 0-30 Buytaert et al., 2007)
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# Samplin ol Andes
N Code Ecosystem Site Soil Order Plot Code piing RangeDepth : Reference
Plots Location
(cm)
Western Cordillera PD 2 0-30 Western (Buytaert et al., 2005a;
(north to south) . Cordillera Buytaert et al., 2007)
Histosol
Eastern Cordillera 31 2 0-34 Eastern (Buytaert et al., 2005a;
(north to south) Cordillera Buytaert et al., 2007)
. . . CJIN2,CIN4,C. Eastern (Santin Aguirre and Vidal

El TireCajanuma Entisol N1 3 0-25 Cordillera Gonzalez, 2012)

* For comparative purposes the initial numbering presented in Bableasretained

Table 3.2Data compiled for the estimation of Vegetation Carbon Stock (aboveground biomass + aboveground necromass) by paramo ecosystem.

#

# Sampling

N°  Code Ecosystem Site . Plot Code Andes Location Reference
Sites Plots
Southern Paramo High Montane . . CJN9,CIN11,CIN12,CIN13,CIN14, . (Santin Aguirre and Vids
1 AsAnO1 Evergren Shrubland El TireCajanuma 1 6 6 Eastern Cordillera Gonzalez, 2@)
3  BsSn01 Evergreen Paramo Forest Pifo 1 PIF1 4 Eastern Cordillera (Fehse et al., 2()
Yanacocha Reserve YAC2 1 Western Cordillera  (Calderén et al., 2013)
4  HsNnO1 Humid Subnival Paramo Grasslai 2 i (Alban Molina and
Yanacocha Reserve PP15 4 Western Cordillera Granda Garzén, 2013)
10 Assno1 Faramo Evergreen Shrublandar g 1y ocaianuma 1 CJIN3,CING,CIN8,CIN1O,CINIS 5 Eastern Cordillera (Santin Aguirre and Vide
Grassland Gonzélez, 2012)
- G1,G2,G3,G4,G5,G6,G7,G8,G9,G . N
lllinizas 10,G11,G12,G13,G14 14 Western Cordillera (Ecociencia, 2011)
Yanacocha Reserve YAC1 1 Western Cordillera  (Calderén et al., 2013)
11 HsSe2 Paramo Grassland v ha R 4 PP01,PP02,PP06,PP09,PP10,PP13, 8 Western Cordill (Alban Molina and
anacocha Reserve 4,PP23 estern Cordillera 12 Garzon, 2013)
El TireCajanuma CIN2,CIN4,CINL,CIN5,CIN? 5 Eastern Cordillera (SaNtin Aguirre and Vide

Gonzalez, 2012)

* For comparative purposes the inltaumbering presented in Table 3vasretained

Page |83



Chapter Ill

79°0'0"W 78°0'0"W 77°0'0"W

1°0'0"N
1°0'0"N

0°0'0"
oooi "

1°0'0"S
1°0'0"S

3°0'0"S 2°0'0"S
2°0'0"S

3°0'0"S

4°0'0"S
4°0'0"S

5°0'0"S
5°0'0"S

80°0'0"W 79°0'0"W 78°0'0"W 77°0'0"W

Figure 31 Location of Carbon data sites per code with respect to the Eastern arsteteAndes Cordillera.
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2.4 Solution of Carbon Data Gaps

Carbon datagaps were resolved baseamh three criteria: a) spatigbroximity; b) vegetation
similarity; and c¢) edaphic similarity. The spatjoximity criterion took into account the
geographicclosenesof the ecosystermwithout information versus ecosystems with available
information. It was assumed that vegetation thgtiowscloseand at similar altitudinal ranges
could be influenced by similar environmental conditions; therefa®ld presentsimilar C
contents in soil and vegetatiorfFor the vegetation similarity, the descriptions of paramo
ecosystems(See ecosystems description in Chaptewére evaluated in order to iderfyi
similarities at macro levedssuming that similar species give risestmilar biomass contents.
The criterion of edaphic similarity was related to the presence ¢ sdisimilar order between
ecosystemns with and without information.The three criteria were applied to solve the
information gaps identified isix parano ecoystems (2 without C datin soil and vegetation

and 3 without information on biomasg§Jable 3.3).

Based on the criteria established to fill the gaps, Wegetation C stock oflumid Subnival
Paramo Grassland (HsNnOdps used forHumid HighUpper Montae Paramo Grassland
(HsSnOBand Ultra-humid Subnival Paramo GrasslafitsNn02. Paramo Caulescent Rosettes
(frailejones) and Grassland (RsSn@ay assumed to have similaegetation C stock to that of
Paramo GrasslandHsSn02).For eosystemsFloodable P@mo Grassland (HsSn04nd
Paramo Subnival Evergreen Grassland and Shrubland (HsNef@8yere noCdata available
for either soil or vegetation. ThereforstockCvalues obtained foParamo Grassland (HsSn02)
were used as reference fdhe overall cabon estimationfor Floodable Paramo Grassland
(Hs®04).While for ecosystenfParamo Subnival Evergreen Grassland and Shrubland (HsNn03)
the calculationwasbased on the average of soil C stocks obtainedHfiamid Subnival Paramo
GrasslandHsNnO} and Ultra-humid Subnival Paramo GrasslafiisNnO2. In the particular
case ofEvergreen Paramo Forest (BsSnodgetationCcontent was based on the average of
aboveground biomass obtained frofour samples ofPolylepisforest with different ages (6,
15, 30 & 4b5years old) reportedby Fehse(2002) combined with a referential value of
necromass vided byCalderon(2013)(Table 3.3).
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Paramo

Ecosystem LY Carbon Ecosystem Spatial Vegetation Edaphic
N° . Ecosystem . L S R
without Code Data Gap Equivalency Proximity Similarity Similarity
information
North and Grassland  Inceptisol,
South of . :
vegetation histosol,
Floodable . . Western and . .
P soil and Paramo Grasslanc with entisol and
5 Paramo HsSn04 . Eastern
vegetation (HsSn02) . presence of other
Grassland Cordillera cushions mineral
(3,300¢ 4,500 )
plants soils
m.a.s.l)
North and
. South of
UItra—hgmld Humid Subnival Western and Grassland
Subnival . . . Not
6 . HsNn02 vegetation Péaramo Grasslanc Eastern subnival .
Paramo . . required
Grassland (HsNnO1) Cordilleras vegetation
(4,200¢ 4,900
m.a.s.l)
South of
Humid High Western dispersed
Upper Humid Subnival Cordillera grasslands Not
7 Montane HsSn03  vegetation Péaramo Grasslanc (Chimborazo with required
Paramo (HsNnO1) volcano) exposed soll g
Grassland (3,500¢ 4,900 surface
m.a.s.l)
, North of Grassland
Parano .
Western and vegetation
Caulescent . .
. Paramo Grasslanc Eastern with Not
8 Rosettes RsSn01  vegetation . :
e (HsSn02) Cordilleras presence of  required
(frailejones)
(3,350¢ 4,300 caulescent
and Grassland
m.a.s.l) Rosettes
p I-,|um|d Subnival North of Inceptisol,
Paramo Paramo Grasslanc X
. Western and . histosol,
Subnival . (HsNnO1) & Subnival .
soil and - Eastern entisol and
9 Evergeen HsNn03 . Ultra-humid . grassland
vegetation : . Cordilleras . other
Grassland and Subnival Paramo vegetation .
(4,100¢ 4,900 mineral
Shrubland Grassland m.as.l) soils
(HsNn02) D

* For comparative purposes the initial numbering presented in Bableasretained.

Additionally, to estimate the soil C stock it was necessary to discriminate the paramo

ecosystems by four main categories of smiller including inceptisol, histosol (peat), entisol

I Y R

G20KSNJ YAY SN ¢

a2 A f a %his tudppiadendufhfinfoantitiod = S NI

to characterize theCcontent ininceptisos for the great majority of paramo ecosysten&dut

of the ten ecosystems However, the information was limited for histosol, entisol and soils

groupedunder the category "other mineral soils". Huistosols, theaverage value ahe soil C

stockobtained forParamo Grassland (HsSn@2d corresponding td210.1+626 ton C/hawas

usedas a referential value for histosols across all pAramo ecosystems. This was intended

capture the histosolscarbon variabilitypresent inboth Cordilleras (Eastern and Western)

Similarly, with information for entisols for which theverage of soil C stocks from three

ecosystems with data available (ildsSn02AsSn0land AsAn0) and equivalent tdB2.5+ 8.5
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tonChag & dzaSR G2 FAff GKS I LA Ay G(KS NBad 2F S
YAYSNI f a2Af aén edaphic Simimmids > they wedeSassuned to be similar to

inceptisols, therefore, the specific value of soil carbon content estimated for each ecosystem

was used. Thsoil C stock estimate was estimated differently Ervergreen Paramo Forest
(BsSn0lasthe calculation could not be differentiated by soil type and was solely based on the

average of 12 samples Bblylepidorest reported byHofstede(2002hb)

Among the ecosystems presenting C data gaps was alsd tHeY' | O2 +2f OF y2Qa tt
Grassland and Evergreen ShrubldAdSn0OL This paramo vegetation covers only 0.03% (392
ha) of the tdal Ecuadorian paramo area. This ecosysta&preésentsa very young pioneer
vegetation settled in geologically young lava fiel#h striking similarities with other
communities of pioneer plants in adjacent paramo ardagjtnant and Molau, 1983)
However, itssoilsare quite particularpossessga relatively thin upper soil layehnjgh organic
carbon (at 5 cm depth)relatively low values of essential nutrien{s.e. nitrogen and
phosphorus) andsurprisingly hgh content of potassiundue to the presence ohephelitic
tephrites rich in feldtspatoidsexclusive of the Sumaco volcano in thetire Andean region
(Lgjtnant and Molau, 1983pue to its isolatecand remotelocaion, the vegetation has not
been disturbed by livestock grazing or any form of human actiwtyich is an unusual
conditionfor the paramo vegetation ikcuadorThe ®ils of thisecosystemhave been studied

only at 5 cm deep byLgjtnant and Molay1983)and their C content in biomass has not yet
been estimatedBased on these particular conditions, this ecosysteas excluded from all
carbon stockestimates(soil C and vegetation C) since it represents unique agigetdifficult

to link with any other type of paramo ecosystem. Despite the data limitations and assumptions
made in this analysis, it is expected that the general estimatefof Both soil and vegetation

was not considerably affected since the 6 paranezosystems (including the ecosystem
excludedHsSnO} with data limitations represent only 11% of the entire paramo region of

Ecuador.

2.4 Quantification of Carbon Stocks
2.4.1 Carbon Stock in Soils

Calculation of carbon stocks in soil (in ton C/ha) wasebdaon the application of the
Rosenzweig and Hillel equatigig.p ) (Rosenzweig and Hillel, 200@ior to the application

of the formula, soil organic carbonJOGQ valueswere adjusted according to thetandard
sampling dept of 0-30 cmdefined for this studyFor cases in which the site or sample layers

differ from the standard depth in £ 5 cm (i.e. between-Z5 cm depth), SOC values were
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proportionally increased or decreased in order to obtain the C content correspondititet
selected standard depth of-80 cm. Once adjusted, SOC values and bulk densities were
averaged for each individual paramo ecosystem. On the other handiales in whicldata
were limited to percentage of soil organic matter (SOM) a conversion faift@ was used to
obtain SOQEQ.¢ ). Through this factor it was assumed that organic matter contains 5026 of
which is currently considered more accurate than the conventional factor of 1(vVaf
Bemmelen, 1890)dentified by several studies as too low for most s@isady and Weil, 1999;
Gortner, 1916; Pribyl, 201®Broadbent, 1953; Van Reeuwijk, 2002ta originally calculated
using the old conversion factor (1.724) was updated based orctherion. Soil C stocks (in

ton C/ha) were estimated individually basedBg.p for each type of paramo ecosystem. The
soil C stock for the entire paramo region of Ecuador (in ton C/ha) was obtained according to
the relative contribution of each individual soil Sfock of each ecosystem to the overall
Ecuadorian paramo area based &u.o . Soil C stocks included the stamnd error as a
measure of the accuracy dfie estimate performed when data for more than one site were

available.
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2.4.2 Carbon Stock in Vegetation

For the estimation of carbon stoskin pamamo vegetation, aboveground biomass and
aboveground necromass were includdebllowing thetraditional approachthe estimation of

C in vegetationwasbased on the assumptiathat the Cconcentration in glantsample (g C/g
sample) is 50%Eqg.t (Calderdn et al., 2013Therefore, the widely used coefficieriQ(f 0.5
was usedor the conversion of biomagaboveground biomass + aboveground necromage)
carbon, as sggested byseveral authors(MacDicken, 1997; Hollinger et al., 1993; Brown,
1997) Based onEq.t1 , the vegetationC stocks were determined for each type of paramo
ecosystem (in ton C/ha). Subsequently, the vedgetaiC stock for the entire paramo region
was estimated fronthe individual vegetation Gtocks (in ton C/ha) buproportional to the
area of each paramo ecosystem uskg.v . Vegetation C stocks included the standard error
as ameasure of the accuracy dfie estimate performed when data for more than one site

were available.
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2.4.3 Total Carbon Stock

The estimation of the total C stoegkas based othe summary of bottihe Cstored in soil and
in abovegroundregetationindividually for each paramo ecosystdiqg. @ . The totalC stock
was also estimated for thengire paramo region for which the same approach applied for
regional soil and C stocks was applied, based on the sumohding individual total Gtocks

but proportional to thearea of each paramo ecosystem using @B
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2.4.4 Carbon Stored by Paramo Ecosystem Area

To evaluate the contributioof the differentparamo ecosystems in terms of tiearbonstored

in their area,the multiplication of the total carbon stock (soil + vegetation) of each ecosystem
was multiplied by itcorresponding aredEq. ¢ . In addition, the regional carbon storeas
calculated by summation of the individual ecosystem val(leg. w . The percentage of

carbon contribution was also estimated for each ecosystem and for the entire paramo region

of Ecuador.
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2.4.5 Controls on Soil Carbon Stocks

Potential environmental controls on the soils@cks of the Ecuadorian Andes were explored.
Climatic layers (i.e. bio 1 and bio I#tpvided ty WorldClim (Version 1.4) at 30 seconds (~ 1
km?) resolution were used for climatic characterizatigkrcGIS softwareersion 10.4.1lwas
used toperform the spdial analysis requiredin this way, annual precipitation and annual

surface air temperatures (ova©950-2000)were identified for each individual site.

Theinfluence of altitude on soil 6tocks was also assess@wnsend et al., 1995For this
purpose, the entire set oinceptisolsdata available for the eighparamo ecosystemsere
used (31 records in totaljAppendix ll.B). Linear egression was carried out to determine
whether there was a linear relationship between the soil C stock for annual precipitation,

annual air temperature, and altitude.

3. Results

3.1 Quantificationof Carbon Stocks
3.1.1 Carbon Stock in Soils

The national C stockn paramo soils amounted t@89.3 ton C/ha based on the soil stocks
estimated for ten out of the eleven paramo ecosystems covering 9919288§,86%a) of the
total paramo area in Ecuadol,97,979ha). By analysing the results pe&cosystem type
Paramo Caulescent Rosettes (frailejones) and GrassifgEn0) had the highest C stock
expressed per ha (278.9 ton C/h&yergreen Paramo Forg@sSn0l had the second highest
Cstockamountingto 212.1 ton C/ha; followed by the most predominant vegetatfediamo
Grassland (HsSnQ2)overing 71.5% of the total paramo area, with 207.9 ton CTe lowest
stock of C in soil was observed in subnival ecosystems located at the highest altitude (above
4,000 m.a.s.l,)Ultra-humid Subnival Paramo GrasslaftsNn02, Paramo Subnival Evergreen
Grassland and ShrublanHsNn0O3 and Humid Subnival Paramo Grassland (HsNnO1)
amountingto 87.7-103.5 ton C/ha, respectively (Table 3.4 and Fig. 3.2

In terms of bulk density across all ecosystems values were relativelyl fwvoverall estimate
resulted in an average bulk density of 0.5 gidior the entire paramo region. Differences in
bulk density per soil order showed that organic soils (i.e. histosols) had on average (= SE) the
lowest bulk density (0.4 g/cht 0.3) whié the highest were observed among mineral soils,
inceptisols (0.7 g/cih+ 0.1) and entisols (1.0 g/én 0.1). In terms of SOC (%), the average
value obtained for the paramo region was 16.4%. The highest percentage of SOC was 19.9%
reported forParamo Grasdland (HsSnO2hile the lowest was 3.0% registered faltra-humid
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Subnival Paramo GrasslaftdsNn02. Regarding the C stock per type of soil, when considering
inceptisols which are the most predominant soils in the Ecuadorian paramos, the average (+
SE)C stock amounted to 162.5 + 23.3 ton C/ha, based on eight paramo ecosystems with data.
Entisols had a lower average (x SE) C stock correspondd2g8te8.5ton C/ha, based on three
paramo ecosystems with data available. Histosols had the highest avéragE) C stock of
210.1 + 62.6 ton C/ha based on information available only for the most predominant

vegetationParamo GrasslanHsSnOR
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Figure 32 Location of Soil Carbon Stocks in the Ecuadorian Paramo Region.
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Table 34 Soil C stock (ton C/ha) estimated at standard depth (30 cm) per type of paramo ecosystem. The table includes bulk deﬁ)si@QgY (%) and standard error (+ SE)
where data for more than one site weeailable.

Standardigd

NO Paramo Ecosystem Soil Area Depth Bulk Density SOC Soil C Stock
Ecosystem Code Order (hay (CIFI)'I) (g/cm?’) (%) (ton C/ha)
Inceptisol 2,189.0 30 1.0 32 92.2
Ultra-humid Subnival Paramo Grassland HsNno2  Entisol 2,258.7 30 1.0£0.1 2.8+0.5 82.8+ 8.5
6 Other mineral soils 29.3 30 1.0 32 92.2
Histosof! 10.1 30 0.4+0.1 15.6+2.3 210.1+ 62.6
Total Ecosystem HsNn02 4,487.0 30 1.0 3.0 87.7
Inceptisol 46,605.2 30 1.0 32 102.2+10.0
Paramo Subnival Evergreen Grassland HsNno3  Entisol 1,190.0 30 1.0+0.1 2.8+05 82.8+ 8.5
9 Shubland Other mineral soils 483.8 30 1.0 32 102.2+ 10.0
Histosof! 1325 30 0.4+0.1 15.6+2.3 210.1+ 62.6
Total EcosysterhisNn0O3 48,411.5 30 1.0 3.2 102.0
Inceptisol 3,555.3 30 1.0 32 112.2
4 Humid Subnival Paramo Grassland HsNnO1 Entisol 1,575.5 30 1.0+0.1 2.8+£0.5 82.8+ 8.5
Histosol! 14.9 30 0.4+0.1 15.6+2.3 210.1+62.6
Total Ecosgtem HsNnO1 5,145.7 30 1.0 3.1 103.5
Inceptisol 171,086.0 30 08 4.6 103.7
Paramo Evergreen Shrubland and Grassland AsSn01 Entisol ) ) 2,948.2 30 0.9 3.7 99.7
10 Other mineral soils ~ 11,690.1 30 0.8 4.6 103.7
Histosol! 27,811.4 30 0.4+0.1 15.6+2.3 210.1+ 62.6
Total Ecosystem AsSn01 213,535.6 30 0.7 6.0 1175
Southern Paramo High Montane Evergreen Inceptisol 211.0 30 0.9 5.5 135.7
AsANnO1 )
1 Shrubland Entisol 0.5 30 1.1 2.4 73.5
Total Ecosystem AsAnO1 2115 30 0.9 55 135.5
Inceptisol 30,799.4 30 0.8 6.2 153.0
L i Entisol 1,932.3 30 1.0+£0.1 2.8+05 82.8+ 8.5
7 HumidHigh Upper Montane Paramo Grasslanc HsSn03 ) .
Other mineral soils 123.0 30 0.8 6.2 153.0
Histosof! 178.5 30 0.4+0.1 15.6+2.3 210.1+ 62.6

Page |93



Chapter Il

NO Paramo Ecosystem Soil Area Stagiart'ﬂlsd Bulk Density SOC Soil C Stock
Ecosystem Code Order (hay (crl?w) (g/cm3) (%) (ton C/ha)
Total Ecosystem HsSn03 33,033.1 30 0.8 6.0 149.2
Incepisol 5,979.9 30 05+0.1 20.6£ 4.6 211.3+24.4
3 Entisol 311.6 30 1.1 2.3 75.2
Floodable Paramo Grassland HsSn04 ) )
5 Other mineral soils 1235 30 05+0.1 20.6+ 4.6 211.3+24.4
Histosol 4,283.7 30 0.4+£0.1 15.6£ 2.3 210.1+ 62.6
Total Ecosystem HsSn04 10,698.7 30 0.5 18.1 206.9
Inceptisol 800,952.6 30 05+0.1 20.6+ 4.6 211.3+24.4
Entisol 22,561.0 30 1.1 2.3 75.2
Paramo Grassland HsSn02 ) )
11 Other mineral soils ~ 43,756.0 30 05+0.1 20.6+4.6  211.3+24.4
Histosol 60,284.5 30 0.4+£0.1 15.6£ 2.3 2101+ 62.6
Total Ecosystem HsSn02 927,554.1 30 0.5 19.9 207.9
Inceptisol 5,953.2 30
Evergreen Paramo Forest Bssno1  Cntisol _ 824.0 30 0.6 12.5 2121
3 Other mineral soils 1,504.7 30
Histosol 28.0 30
Total Ecosystem BsSn01 8,310.0 30 0.6 125 212.1
Inceptisol 45,175.4 30 0.5+0.1 18.6£ 2.7 280.1+ 50.4
Paramo Caulescent Rosetles (frailejones) g1 other mineral soils ~ 273.1 30 0.5 0.1 18.6£2.7  280.1%50.4
8 and Grassland
Histosol! 751.8 30 0.4+£0.1 15.6£ 2.3 210.1+ 62.6
Total Ecosystem RsSn01 46,200.3 30 0.5 18.5 278.9
Total Paramo Region 1,297,587.5 30 05 164 189.3

* For comparative purposes the initial numbering presented in Table 3.1 was retained and organisetdgrascder in ®il C Stock (ton C/ha).
**Areas of paramo ecosystems excluding rocky outcrops, snowl/ice, and water bodies (natural or artificial)
Values are only referential due to lack of data.
H Values are only referential based on ecosystem HsSn02.
Values are only referential based emtisol carbon stocks for ecosystems: HsSn02, AsSn01, and AsAn01.
MNBF 2F LEI NI Y2 NBIAZ2Yy SEOfdRAY3I S023eaiSY {dzvh 02 +£2fOly2Q4 tiNIY2 DN}aaftlyR YR 9OSNANBSY { KN
Note: values that do not present standeerrors are corresponding to ecosystems with only one value available per site.
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3.1.2 Carbon Stock ilbovegroundVegetation

The average value of C @bovegroundbiomass and necromadsr grasslad and shrubland
vegetation typesamountedto 3.8 ton Cha and 3.5 ton Cha, respectively(Table 3.5)The
highest stock of C inaboveground biomasamong these vegetation typegrasslad and
shrubland)was reported for SouthernParamo High Montane Evergreen Shrubl@AdAn0),

(7.7 ton C/haTable 3.5)In terms ofaboveground necromass, the highest value was estimated
for Humid Subnival Paramo GrasslghtsNn0), amounting to an averagg SEpf 4.3+4.0 ton
C/ha, while the lowest was observed R@ramo Evergreen Shrubland and Grassi@&ssn0}l

with 0.9 ton C/haTable 3.5) Among allyrasslad and shrubland vegetation typed)a lowest

C stock in aboveground biomass was reported for the most predominant vegetR@oamo
GrasslanqHsSn0®2 amounting to an averag@ SEpf 3.6£0.6 ton C/hgTable 3.5)However,

the low C stored in biomass was compensated with the C stocked in necromass, which was on
average(x SE}.0+2.2ton C/ha(Table 3.5)This indicates that thénclusionof aboveground
necromasscould doublethe C stock in aboveground vegetation as notedsé@ven of these
paramo types (i.e. grassland and shrublantl). the case of forests, the C in aboveground
biomass and necromasamourted to averages(x SE)of 94.3+32.4and 2.0 ton @ha,
respectively (Table 3.5) This shows that in paranforests, the conént of C inaboveground
necromasswvas not as significant as that abovegroundbiomass contrary to what happened
with the other types of paramo vegetation. By considering all paramo vegetation types, the
aboveground biomass carbon and aboveground necssTestimated for the paramo region

amountedto averages o#.4 ton C/haand 3.5 ton C/ha, respectively (Table)3.5

Aboveground C stock in vegetation (biomassecromasswason average 7.3on C/ha for
grassland and shrubland vegetation typésmong these type of vegetation (grassland and
shrubland), Humid Subnival Paramo GrasslarfdsNnO) had the highest C stock in
aboveground vegetation with an avera¢e SEpf 8.9+2.4 ton C/hawhereas he lowest was
reported forParamo Evergreen Shrubland and Glas$(AsSn0) with 5.3 ton C/hgFig 3.3).
In the case ofevergreen Paramo Fore¢BsSnOlthe C stock in aboveground vegetation
amounted to an averagg+ SEpf 96.3+ 32.4 ton C/ha(Fig 3.3)AlthoughEvergreen Paramo
Foresthad more than 10 times higheC stock han theother ecosystemgt only covers 0.6% of
total Ecuadorian pdramo aredhe most predominant paramo vegetatidbaramo Grassland
(HsSnO}, had on averagét SEY.6+2.4 ton C/ha of C stored in aboveground vegetation (Fig
3.3). When all pamo ecosystems were considered, theerall aboveground vegetation C

stock at regional scale amowettto 7.9 ton C/hgTable 3.5)
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Figure 33 Location of Vegetation Carbon Stocks (aboveground biomass + necromass) in dderacuParamo
Region.
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