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Introduction
Disturbed land around the wtd is currently undergoing refestation in an effort to
undo manmade change that hayeén some cases, devastated the natural environment. Places
like Monteverde, Costa Ricare home to a significant number pfant and animaspecies,
some of which arendemic to areas on the mountain. Since the lat& 26ntury, Costa Rica
has begun efforts to transform the perception that the public has about their natusalunees
and attempt to cultivate a movement toward conservation and susthie use of those
resources. Anissue with current reforestation efforts in the Monteverde Region of Costa Rica is
plant survivorshipvithin restored sites is mixed, wittome siteshavinghigher success rates

than others.

Soil properties can drastically change from onmatmn to another, altering the level of
habitability for plants, which ulthately drives success reforestation efforts Soil mappingn
Costa Rica as a whole is relatively limited and gerizexilThere has been no detailed study of
soil property distibution in the Monteverde region at the landscape scale as ofiygtstudy
focused on the identification of those properties and their change across the landscape in order
to provide information that mayssistiocal effortsin decision making for reforéstion projects

in the Monteverde region.

In recentdecades, studies have been examining the effectiveness of certain strategies

for restoration. Some have examined success rates among various tree species (Catpenter



al., 2004, Holl, eal, 2011), whe others have investigated the impact of land use on current
land condtions (Carter and Ciolkosz, 1991, Thompsbal,, 1997 Wanget al, 2017).l was
interested in examining seiiindscape relationships; sommeng that has not been donia this
study areaThe Monteverddnstitute has been working toward restoring the tropical forest in
specific locations throughout the Monteverde region. In collaborating with tHemngsable to

visita variety of sites with different land use histories

The main focus of the project was to identify soil property distribution across the
landscape. Properties thafocused on were the depth to clay at a given site, slope at the site,
the thickness of the A horizon preseatyd percent carbonl hypotheszed that land use change
over the past century and into the 2tentury heavily influenced the success of restoration
efforts in the Monteverde region of Costa Rica. In particulaypothesized the conversion of
intact tropical forest to farmland or ureland changed landscape dynamics, leading to losses
of soil cabon and soil material atpperslope locationsStudies in the past that have looked at
the relationship between slope and soil profilerkiaess have shown thaiteslocated atlower
slopeprofile positionsare associated with darker soil profiles (Thompsbal, 1997). The
opposite is trueat sites located at uslope positionsn whichsoil profile darkness is loweiThe
darkness (specifically the blackness) of a soil is an indicattind presence of soil carbon. This
is important because, as indicated by Thompsairgl. (1997)a site with a high slope will have
a lighter soil color, indicating that the soil has less carl&mils found atower slopeconcave
profile positions willhave accumulated eroded soil material from-sippe which leads to a
thicker Ahorizon with a greater capacity to store wat@ennock and de Jong, 1990). A horizon

material is also associated with a higher level of soil nutrients @pland Jacksor2001)



Areas that accumulate topsoil from erosional processes will therefore receive nutrient inputs as
well. I expected this principle to hold true throughy study in Costa Rica. In Monteverde, the
topography is naturally ruggedrigure 1) This makes fosteep slopes that change dramatically
over small areas. The topographic environment of Costa Rica contributes to soil development

and transportation of soil material across the landscape.

NETEREE!
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Figurel. Satellite iamge map of Costa Rica with the study area.



An Overview of Global Deforestation

Deforestation is an issue that mankind has dealt with for centuries. Hexvexth
modern technology, the rates of deforestation have become more rapid as developing
O2dzy UNASEA FGOGSYLI (2 @entwoifsllefortisganningoRa-202a ¢ 2 NI R
the greatest forest losses have occurred in Asia and Afficare forest losses in protected
areas are measured 8t16% and.15% respectivelySprackleret al.2015). In South America,
deforestation of tropical rainforests has been spurred by the push to create pasture for cattle,
or for the establishment of large monalture operations like cotton, and coffé¢@ideet al.
2000). Deforestation rates will likely continue to increase as the demand for food increases
(Aideet al.2013). This has resulted in the cutting of 4 million hectares annually in South

America alongFAQ 2010).

Deforestation has reached such levels that according to the Food and Agriculture
Organization of the United Nations (FAT1® SadA Yl §Sazx GKS ¢2NI RQa T
sourceof emissions due to the decrease in total forest amlthoudh deforestation remains a
problem, its rates appear to be gradually slowing. This is especially true in Costa Rica, where
NBEaG2Nr A2y STF2NIa KIFIFS 0SSy AYLIESYSYUSR aay
South and Central America, where defstaion largely continuesA shift occurredin the
directionoftheCa G wA OF y S O2y 2 thé colnyybegaaBotentiggrandQ a | Yy R
expanding one of its most valuablesmurc&d ® Ly (i KeQconody im CbatZ Rica began
to focus on small indust and less on agriculturéeaving many agricultural ploedandoned

(Aideet al.2000). The abandonment of pasture and agricultural land gave way to natural



regeneration of forestDespite this shift, traditional agricultural and pastoral practices

continued to drive deforestation. 8 G KS mMdbpdnQas Y2ad 2F diedS I yR
(Aideetal> wnnn0 YR AY HnnpZ (GKS RSalGNMzOGA2Yy 2F |/
2YLX SGS o6[ S2L12f RX | o,thhedastaRican govethméndegary 3 (G KS wmd
developing a plan to work with its citizenry to protect and reestablish tropical forests, while

working to undo the harmful effects of deforestatichlhhirough government programs as well as

initiatives like Payment for Esgstem Services (PES) and Reducing Emissions from

Deforestation and ForefdegradatiofREDD+), Costa Rica has begun to repair its landbgape

offering economic incentive to landowners to become good land stew&adsahez\zofeifg et

al., 2007).

Deforestation heavily impacts the ability of tropical forests sitegnti@rcept andretain
water, especiallyhorizontal precipitation a term whictrefers to the suspended moisture that
lingers over tropical forests for extended periods, accounting for up tm 180% of total
precipitation during the wet and dry seasons, respectively (Ray et al., . 20062ontal
precipitation is a unique feature of the tropical cloud forests of Costa Rica and is a major
contributor to the level of biodiversity found thereDeforestationin the cloud forest has
decreased cloud cover by18% (Ragt al, 2006). This poses a danger as the Costa Rican cloud
forest systems rely on horizontal precipitation as a prinsoyrceof freshwater during the dry

season (Hager and Dohrenbusch, 2011).

There is spatial variability of precipitation where the Pacific slope of Costa Rica receives
less rain than the Atlantic side (Hager and Dohrenbusch, 2011). This is particularly imfoortant

my study consideringWwill be working on the Pacific (drier) slope of Costa Rica, where the



ecosystem is more vulnerable to changes in moististablished forestallow for the

existence of horizontal precipitatiofiow hanging clouds or mist) extend to lower altitudes
because forests provide canopy cover, and reduce overall temperature within the forests.
When deforestation occurs, it is followed by an increase in cloud base height, which leads to
drier conditions (Ragt al.2006). There is ndoubt that such a significant loss of moisture in a
system that relies heavily on horizontal precipitation will have considerable impacts on the
biodiversity and overall health of the region. Restoration may be time sensitive in cloud forest

regions wheredeforestation has occurred and subsequent dry conditions have persisted.

Costa Rican Geography

The geography dhe relatively small country of Costa Rica consists of coastal plains
separated down the middle bylargemountain rangeThe coastal plains are generally flat,
with smaller slopes that eventually meet the s&here is also a coastal range on the west side
of the country and a smaller range that extends out to the Nicoya Peninsula in the north west.
A similar range exists dhe Osa peninsula located in the south west as Wiidle mountains in
the center of the country are much more rugged. Because of their elevationctieayean
orographic effect, which tends to force more precipitation to occur on the northern (Atlantic)
slope as opposed to the southern (Pacific) slope. However, both the Pacific and Atlantic slopes
of the country receive significant amounts of rainfathe mountain range is of volcanic origin
and scatteed throughout it are several active volcanoes. Intfanany are active including the

volcano closest tony study sites, Mt. Arenallo the south west the mountain range continues



and the bordering coastallains narrow slightly until thesneetthe western boarder of

Panama.

Costa Rican Biodiversity

Biodiversity suffers in regions that have been converted to pasture. This is both a short
andlongterm problem, especially for plant communities. Conversion to pasture eliminates
trees, and thus habitat for many species that rely on those forest systeantcularly bird
communities Astrees and thus habitat are eliminated, the ability of trees to regenerate is
altered.In the long term, seed richness is dampened in pasture as it harbors lower levels of
seed diversity than plantation plots or natural eegeration plots (Montagnini, 2008). This
makes natural revegetation increasingly difficult as tree seed levels are low and saplings that
manage to germinate and establish themselves must then compete with grasses and other
competitive shrub species. In sensases, remnant trees are left in pasture. These trees play a
critical role in the regeneration of the former forest. They shed litter, which suppresses grass
growth, and enourages the development of other woody species (Montagnini, 2008). In these
casesthe loss of a seed bank is lessened, but in many cases, remnant trees are not present and

future biodiversity suffers.

In a region that exhibits some of the highest levels of biodiversity on the planet, many
species are affected by deforestation in GoRlica. Forests serve as habitat for charismatic
species like the quetzal, bats, and other frugivorous species which increase seed dispersal; a
process upon which natural tree regeneration relies (Nadkarni and Haber, 2009). The continued

presence of the getzal is important for numerous reasoriscontributes tothe ecotourism of



the region and has charisma that attractaitists from other parts of the world (Wheelwright,
1983). It is mostly frugivorous, and annually feeds on fruits from a total ofi#f&érdnt tree

species (Wheelwright, 1983). They mainly depend on trees from the Lauréoa®aado)
FLYAfed ¢KS RA&AUONROdziAZY 2F GUKAA FlLYAfE 27
Their nesting distribution is also interesting to notecgnt has implications for management

and reforestation efforts. In Monteverde, 74% of nests occur in forest, 12% occur on the edges
of pasture, and snags or remnant trees make up the remaining 14% (Wheelwright, 1983). This
indicates that forest habitat ithe best way teencouragequetzals to nest, but forest edge and
remnant trees are also utilized. From this, we understand that completely open pasture will

likely not attract birds to nest.

Birds aside from the quetzal also make use of remnant treepém pasture. Bird
visitation to remnant trees can be explained by examining tree isolation, size, and epiphytic
biomass (Sheldon and Nadkarni, 2013). Larger trees that are more isolated, and have larger
amounts of epiphytic biomass attract more birds (Soel and Nadkarni, 2013). In addition,
larger trees provide more canopy cover, as well as a greater degree of protection from
predators (Sheldon and Nadkarni, 2013). However, this infadonas not to be misinterpreted,;
Isolated trees do provide a criticagrvice to bird species, but a complete forest will provide
much greater levels of habitat and fosdurces for all bird spcies, according to Wheelwright

(1983)

TheEffort to Combat Deforestation



Many countries that heavily utilize forestseurcét K| @S RS @St 2LJSR Gt NR
6t! v (2 LINBGSyld (GKS (2d4Frft RST2NBaidldAzy 27F I
represent the maximum effort exerted by developing countries, particularly in Asia, West
Africa, andCentral America (Sprdek et al.2015). In Ethiopia, the effectiveness of P¥as
been evaluated by investigating their ability to preserve organic carbon stocks and soil quality
ODANXI @ YR {AJYKI HAMHODP ¢KS STFFSOiAQPSySaa 2
locatedon steep slopes and at high elevations tend to be more effe¢8ypeackleret al.2015).
[ dZNNBydfes mor 2F GKS g 2RADROME HimansBadeistiugdledld  LINE
to balance reourceconsumption with replenishment, and this is espdygi@ilue in areas that
are particularly gifted with natural swurces. South and Central America contains some of the
largest rainforest ecosystems on the planet. These ecosystems have been estimated to contain
a significant portion of biodiversity that ¢@emed worth preserving by Costa Rica and the

global community as well (De Camigioal., 2000).

Aside from a Protected Area program in Costa Rica, there have been numerous
government projects directed toward reestablishing tropical forests and theirectsge
ecological service3he governmentreated a program called the Certificate of Forestry
Payment (CARyhich was more effective than previous programs at engaging less wealthy
citizens to participate in restoration effor{®e Camin@t al., 2000). After the implementation
of these programs, the Costa Rican government decided to further change the target for the

programs, shifting toward local communities in order to facilitate restoration.

Potential Benéts of Combating Deforestation
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Asa country begins reforestation efforts, the benefits can be seen rather quickly. In
tropical regions that initiate reforestation efforts, increases in above ground biomass, species
richness, forest density, and basal area are similar to old growth feitest (80 years old or
older) (Aideet al., 2000) More rapid restoration might be achieved with larger scale and more
comprehensive planting schemé&'e must recognize that in some circumstances, restoration
efforts must be modified in order to achievedlgoals of a plan, even if that means a slower, or
possibly less successftdcovery. Organizations interested in restoration will always be limited

by the resources they have at their disposal.

It is also becoming increasingly important to develop effextvays of sequestering and
storing carbon as a method to help mitigate the rate at which the climate is changing. In a study
conducted in Monteverde that examined the rate at which soils change during restoration, they
found that in pasture sites, 12.586 lost carbon was restored after only three decades of
secondary forest growth (Tannet al, 2014). Thesame study also estimated that it will take
about two centuries to restore soil carbon to adécomparable to mature foresRegardless of
the timescale for carbon levels to approach primary forest levels, restoration of forest has a

positive impact on sequestration of carbon in the topsoil (Nave et al., 2018).

A Beacon of Light

For countries like Costa Rica, reforestation presents benefits begooldgical services.
For instance, in 2001, eamirism in Costa Rica accounted for roughly 13% of its GDP (Honey,

2008). This number is only expected to grow as the country continues to attract international
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attention for its biodiversity and leadership ecological restorationl he numbeof tourists

visiting the Monteverde Ecological Biological Cloud Forest Reserve has increased dramatically
aAy OS UlokriSt growththas®hadged from less than 5,000 annually in 1974, to over
40,000 annually in 199at the Monteverdaeserve alone (Menkhaus, 199%)jince Costa Rica
began passing its landmark environmental protection policies in the latter half of fhe 20
century, it has reaped both the economic and ecological benefits. As developing nations
conside restoring some of their forests, particularly in South America and Asia, places like
Costa Rica provide examples of the potential economic benefits that can be seen from

restoration efforts.

Factors in Restoration Succes

In the past decades, as forest restoration plans have been executed in different regions
across the world, various strategies for restoring forests have been used with varying rates of
success. Success rates dependranquality of the site and its levef fertility which depends
on multiple site and soil characteristics. Those include : elevdiddeleman et al., 2013)
aspect,slope profile curvatureand plan curvature which have an impact on the direction of
soil movementand development (Hugget, 19¥,®H, soil organic carbon, whiaobften
determines othernutrient levels(Girmay and Signh, 201230il texture and soil structure,
which influence organic carbon levels (Willis et 2007;Konen et al. 2003ulk densitywater

holding capacityand effective rooting depth
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Elevation

It has been shown that variations in soil organic carbon (SOC) statlestropicscan
be predicted based on altitude (Dielemart al,, 2013 Andriamanajaraet al.2017;Sierra and
Causeret, 2018 In a study conducted in 2013 bByelemanet al.they determinedthat when
SOC is corrected for thkfferencein bulk densitybetweentropicalforests and grasslands,
forest soils are shown to contain more carbon. The dispaetyveen SOC stocks found in
forests and grasslands increases with elevatielemanet al., 2013). This is important
because soil organic matter is a contributor to increased nutrient availability, and overall soil
fertility (Sierra and Causeret, 2018he data provided bRielemanet al.is particularly
important considering tropical forests are more underrepresented as a biome in global datasets
when compared to grasslandBig€lemanet al,, 2013). Andriamanaret al.(2017) also
discovered that soibrganic matter in the topsoil of the tropics increases with altitude. A study
by Sierra and Causeret (2018) on soil carbon in agricultural tropical volcanic soils also found
that the relationship between SOC and altitude was signifidafith more availal® nutrients
and overall fertility at higher elevations, we can expect that higher elevations will provide more

accommodating locations for restoration and increase success rates.

Epiphytic biomass is also greater at higher elevations, partially due tod¢hease in
horizontal precipitatio (Hager and Dohrenbusch, 201&piphytes exist in arboreglistosos
which are made exclusively from plant debris originating from the canapyder to support
epiphytes, there must be a canopy capable of providingugh debris inputs to generate an

arborealHistosol
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Species selection

In plantation and patch plantings, various species are selected for restoration. Species
are selected for multiple reasons that depend on the goals of the restoration effort. Angord
to a study conducted in Puerto Rico by Aedal, (2000, it takes approximately 40 years for a
forest system to naturally regenerate to a point at which it is comparable in structure to old
growth. When the main goal is to reestablish a forest systgiickly, promote biodiversity, and
limit the extent of erosion, fast growing tree species are often preferred (&id, 2000). In
this case, they are not always native species. However, they can establish themselves at a pace
quick enough to competwith and shade out grass sgies that prevent other specidsom

germinating (Aideet al,, 1995), (Aidet al, 2000).

In Costa Ric&inus tecunumanhas been used with success in more degraded pasture
sites and is native to Central America, but nott@dgica (Carpentest al, 2004). The species
can establish quickly, and has a high success (survivorship) rate as well. The other effective
native pioneer species that is usedvischysia guatemalensighich has an overall success rate
slightly higher tha Pinus tecunumanibut is more effected by erosion thdinus tecunumanii
(Carpenteret al, 2004). In factPinus tecunumanis so effective at growing in degraded areas,
it succeeds in locations where grasses cannot (Carpenit, 2004).Terminalia Amazoniéa
native high value timber species) hlagsen utilized in the past as climax hardwood species

(Carpenteret al,, 2004).

Pouteria reticulatas a species that has been used in restoration projects in

Monteverde. It is a late successidrspecies and is more often found in mature forests (Lozada
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et al., 2012)Since it is a late successional species, it may be better suited for sites that are
further along in the restoration proces&notherspecies used in restoration projects conducted
by the Monteverde Institutes critically endangeredOcotea monteverdensighich is endemic
G2 GKS [/ 2aidl exstOONQ ik the NMoMtdnd thopicaldorestd d6Costa Rica (IUCN

Red List of Threatened Species). Its current population numibensa well known, although

estimates suggest it is below 2,000 individuals (IUCN Red List of Threatened Species).

Microbial Communities

The soil system is home to numerous microorganisms, including fungi and bacteria
species. These organisms have anaotmn various soil properties and as a result, can have
influence over the success rates of plants. In examining the difference in microbial communities
betweentropical pasture and forest salin Costa Ricat has been found that bacteria
dominate msture soil and fungal communities domindteest soils (Eatoet al, 2010). This
suggests that as soils become forested, the balance of microorganisms shifts to-a fungi
dominated system. Another study conducted by Eatbal. (2012 found that moistersoils
were dominated by fungi, and also possessed greater fungal diversity. This is explained by the
relationship between moisture levels and organic matter decomposition. As moisture levels
increase, organic matter stimulates microbial activity, microbiainass development, and
changeswutrient consumption (Eatoet al, 2012). Conversely, lower soil moisture will lead to
detrimental impacts to the microbial community, decreasing organic matter accumulation, and
leading to a soil more vulnerable to desdtton and erosional processes. Soils more exposed to

sunlight and increased temperatures like in deforested areas will increase in temperature and
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exacerbate this proces@ther, more recent studies contradict this premise, stating that

warmer, moister sits are more dominated by bacterial communiti@hou et al., 2017).

Erosion

Erosion is a primary factor controlling growth success of species, and subsequent overall
restoration success. In Monteverde, there appears to be erosional transport of topateitial
from up-slope positions down to foot slope positions (Reuter, 20TH)s is especially true at
our site, NacimientoThis loss of material from uglope positions leaves a shallower depth to
Of e G4 GK2a$S L2 aA (efettiyexobting deptha soif ofyanic Sayban levetsS & 2 A
and water holding capacity by removing organic rich tropical topSoihversely, dowslope
positions receive eroded material which generates the formation of root accommodating, soil
carbon rich soil¢hat can better retain waterTherefore, it is important to select species that
will do well in areas that have been historically degraded through agricultural or pastoral
practices. In addition, abandoned pasture is typically populated with early suacakand

highly competitive grass and shrub species.

Slope

There was no relationship between slope and SOC in a stxaiyining this relationship
in in-tact tropical forest andinthropogenic grassland®nducted byDielemanet al, (2013.
The development of individual trees has been shown to be independent of slope angle (Clark
and Clark, 2000). Other studies have shown that there is a correlation between organic matter
and landscape position. In areas that are downslope, there tends @ dreater accumulation

of organic material due to transportation through runoff, or other erosional processes (Pennock
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and de Jong, 1990Regarding surface runoff, slopes of lesstli@% typically do not cause an
issue (Birkel et al., 2012\hile there may be conflicting studies about the direct relation
between slope and soil organicatter accumulation, it ifmportant to consider landscape
position, as itrelates to erosional processasd accumulation of organic material. Slope is likely

a contribuing factor todifferences in soil properties.
The Catena

A catenaefersto a sequence ofoilsalong a slope gradierfBrady and WeiR010)
Considering that topography is one of the soil forming factors, this concept is important to the
study of soil property and landscape mappiiige catena theory holds that different points
along aslope, the soil will predictablghange and those vatians are the direct cause of slope
driven factors such as erosipdrainage, and movement of chemical constituer@sibertet al,
2007,Rosemanet al,, 2017) They are useful when attempting to define the dynamic losses
experienced by a soil system along a gradient (Huggett, 1975). Examining soils along a catena
can also help identify the degree to which water has modified soil development and properties.
In somre soils, where a restrictive layergsesent,water may be unable to infiltrateln this case,

g GSNI gAff Y20S tF0ISNIrfte Ay ThdghBAINY 2F & KN
development along a slope gradient, the catena explains that well draoigiwill occur in up

slope locations, while more poorly drained soils will occur in delepe locations or

depressionsThe catenaonceptwill also be helpful for the project purposes because it also has
potential to explaincarbon leveldasedon topographic position(Hook and Burke, 1999ith

lower slope locations containing higher levels of carbon than adjacent locations with higher

slopes Catenas have long beersed in pedologyo investigate landscape trends and attempt
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to understand their relabnships with different soil propertie$used the catena theory to

structure my sampling methods in a way that captures these slope driven landscape trends.

Soil and Landscape/de

Forest structure irold growthrainforest systems change with landseagnd soil type. A
study conducted by Clark and Cla2)00 examined forest structure variations in La Selva,
Costa Rica. The study found that the largest trees were locatig iflattest locations within
the study areas. They also found that ab@reund biomass (AGBM) is relatively unaffected by
soil type and topography in upland locations (Clark and Clark, 28G0)erto Ricestudy by
Johnsoret al.(2011) found that SO®as higher at sites located on ridges when compared to
sites located in valleys, which runs counter to what is typically envisioned when examining a
catena.ln that case, the soil depths were also deeper at the ridge sites due to their less
disturbed statein comparison to the valley sites, many of which were long used for agriculture.
Sites with alluvialynfluenced sod have also been shown to harbor fewer and smaller trees,
with lower basal area than sites at Hitlps, and on slopes (Clarkadlark2000). Clark and
Clark(2000 were also able to show that Ultisols on steep slopes have higher stand density than
on less steep slope3he study acknowledges that soils composed of recent alluvium are mo
fertile than the Ultisols obld alluvium at thei sites. They explain that a potential reason for the
lower stand density at sites with recent alluvium may be effects of frequeatita, which
often results in lonstem counts, basal area, and AGBM (Clark and Clark, 20@fiher study
in the tropicsof Indonesia examined the variability of biochemical soil properties across

converted lowland landscapes (Allehal.2016). They founthat inherentspatial variabilityof
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biochemical soil propertiewas a better indicator for nutrient stocks than lande changeA
study in Jamaica by McDonatlal. (2002)addressedhe effects of clearing tropical forest on
soil properties. They found the role of steep mountain hillslopes significant in instigating
erosion of soil material within areas that were cleared of forgésiey also found that
agricultural cultivation did nobave a significant relationship with erosion rates, but that the
data were influenced by a high degree of spatial varialfiltgDonaldet al., 2002) Studies
investigating the relationship between landscape type and soil properties in the triopicsite

there is a degree of uncertainty in attempts to makeéiges between these two factors.

Faested Soils vs. Pasture Soils

Establishment of pastureland in tropical rainforests in Costa Rica has led to changes in
soil properties that can affectthesgilda | 6 Af A& (G2 adzZll2NI SFFSOUGAQD
saturated hydraulic conductivity was considerably lower compared to forested soils (€bbon
al., 2010). In general, forested soils have higher moisture, recharge capability, and infiltration
ratesthan more compacted soils (Birketi al,, 2012). Conversion to pasture also lowers the
a2AfQa AYFALONIGAZ2Y OFLIOoAfAGREY f26SNEetlLI2ZNRAA
al., 2010). These are all properties that affect the success rateemtal forest restoration.
For many tree species, high bulk density, low porosity, and poorly drained soils are properties
that negatively impact their ability to establish and grow. High levels of compaction either from
grazing cattle or agricultural nehinery can also lead to increased overland flow and runoff

potential. Soils in these agricultural fields or pasture clearings have higher potential for erosion
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than the forested soils. It should be noted however, ttia creation ofhigh bulk density in
these soildrom agricultural practicesften only extends to about 25 cnelow the soils
surface.

Horizondion between forested and pasture soils differs as well. In pasture there is
typically a thin O and B horizon, and distinct A and C horizons (Tahak 2014). However, in
secondary forest, O horizons are often thin, with distinct A and B horizons, followed by
indistinct C horizons (Tannet al., 2014). As for primary forest soils, an O horizon is mostly
absent, with a distinct A and B horizorafineret al., 2014).There are limitations to these
results as the study only sampled to 30 cm and many of the soils in my sites are much deeper.
The sites explored by Tanner et al. (2014) also dealt with sandy and gravelly soils which is not

the case fomll my sites.

Primary Forest vs. Secondary Forest

While secondary forests can establish themselves relatively quickly in the tropical
regions of Costa Rica, biomass takes longer to reach levels comparable with primary forests.
According to Nadkarret al., (2004 aboveground terrestrially rooted biomass is higher in
primary forests compared to secondary forests. A reason for this gap can be explained by the
lack of development of epiphytic biomass in secondary forests. Older canopies often house
epiphytes whichover time, produce theiown canopy organic mattesometimes referred to
a4 GONRGY K dzétdda20@4). Withih &dwh INGfdslead organic matter (crown

humus and dead leaveB)akes up 60% of canopy organic matter in primary forests, compared
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to only trace amounts in secondary forests (Nadkatral, 2004. This is important because
dead organic matteplays a critical role in providing habitat for invertebrates, birds, and other
wildlife, as well as retention of atmospheric nutrients (Nadkatral, 2004). Tree diameters
also vary between primary and secondary foréstsecondary forests, smaller diameter class
trees dominate, whereas in primary forests, larger diameter class trees dominate (Naekarni

al,, 2004).

There is a disparity icarbon dioxide (C£flux between primary and secondary forests.
Secondary forest soils contain noticeably less soil carbon than mature forest soils, but still more
than pasture soils (Tannet al, 2014). In the study by Tanneat al, (2014) higher COfRux
values were found in mature forests, but theean flux for primary and secondary forests were
not distinguishableEvaluating carbon dynamics, deforestation makes up 23% of anthropogenic
CQ inputs to the atmosphereMelillo et al., 199%. Of that 236, 75% comes from aboveground
biomass loss and soil carbon loss accounts for the remainingMBfid et al., 199%. Soil
carbon storage is most variable in secondary forest systems, whereas the upper soils of mature
forest and pasture are more spatiattgnsistent (Tanneet al, 2014). The upper portion of soils
is most affected by carbon inputs over time, and increasingly stores more carbon as land
surface age increases (Tanmtral, 2014).Secondary forest establishment can also be rapid
and has potential to store significant amounts of carbon within as little as a decade
(Schedlbauer and Kavanagh, 2088% potentially up to two petagrams within a century (Nave
et al., 2018)Secondary forests are still seen as a valualdeuwecefor accumulating and
storing carbon in a rapid manner (Hughetsal,, 1999).The main issue with maintaining their

effectiveness comes from their typical lack of continuity (Hugtesd., 1999).



21

Planting $rategies

Planting Stles : Patch Planting

There are multiple methods to facilitate forest recovery depending on prior-lesed
and the state of the area in question at the start of the restoration project. One method is
patch planting. This involves planting tree seedlings in small patches ttoatugh area. These
patches are expected to mature, and then expand over time as they begin to connect with
other patches. Success rates of this method are similar to plantation style planting in studies
that compare the two methods (Hadt al.2011). Howeer, success is also dependent-site

characteristics like the prevalenad soil nutrients.

Planting Stles : Plantation Planting

Plantation style planting involves large scale planting of trees in order to facilitate
system restoration, and stimulaterest regrowth. It is not as widely implemented than some
other planting styles largely due to its cost. Plantation style planting requires msoe nes
than other planting methods because it is larger in scale and tlmeds more manpower to
implement Furthermore, plots must be maintained, and monitored in addition to the initial
cost of the plants themselves. Plantation style planting helsahefits however. In plantations,
seedling height and canopy area are greater than in areas that utiliza patie planting
methods (Holkt al,, 2011). Efficient use of phosphorus is also higher within plantation systems

compared to patch forest systems (Hellal, 2011).
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Planting 8/les : Tree Seed Method ERnant trees

Areas that have been cut for paseuare not always clear cut. In some circumstances,
remnant trees are present, which can serve multiple important functions involved in the
recovery of topical forests. Remnant trees maintammediate area soil stabilityoraging
cover, and nesting habitat for bilsand can improve nutrient availability as compared to
pastures that lack remnant tre¢Rhoadest al,, 1998). Their contribution to canopy cover is
critical for the shading out of grasses which can facilitate germinatiorgemaith of tree
sgplings, and alstowers soil temperature, protectinffom desiccation (Belskst al,, 1989).
Remnant treesalsodisperse seeds, and subsequently have an impact on the composition of

future forests following regeneratiowithin its area ofinfluence(Schlawin and Zahawi, 2008).

Canopy Epiphyte Seed Method

Seed banks in Costa Rica can hold seedsthomsands of different species |
Monteverde specifically, there are over 5,500 remnant trees from 190 different species present
on 24farms and pasturedHarvey and Haber, 1999Seed banks can exist outside of a
traditional soil system. In Costa Rica, canopy seed banks are found within atdsteabs, or
soils that develop under epiphytic vegetation (Bolahet al, 1995. As a reult of the
extremely wet conditions found in the tropical cloud forests of Costa Rica, epiphytic mats of
vegetation in tree canopies are not uncommon. Those mats of vegetation play an important
role in storing and distributing seeds. Epiphytic mats falihfthe canopy, and decompose,
which provides favorable conditions for stored seeds to germinate on the forest floor (Nadkarni

and Haber, 2009).
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Remnant trees that harbor arboreHlistosos are a critical component to the success of
the tree seed methodThose same epiphytic mats contribute nutrients from litterfall, which
enhance the survivorship of germinating trees (Nadkarmd Habey2009). The macronutrient
concentrations found in canopy organic matter are similar to the macronutrient concentrations

found in faest floor organic matter (Bohlanet al,, 1995.

Natural Revegetation of Abandoned Pasture

1 6FyR2YSR LI aldz2NBa Ay /2adGF wAOF NB 02YY2
slow. Areas that used to be agricultural land but are now aband@neskent a unique
opportunity for scientists and those wishing to study succession in these commuAtties.
added benéit to allowingnaturalreforestationis vegetation will berepresentative of an

original component of the system.

Natural revegetatiorof abandoned pasture typically begins with the colonization and
establishment of early successional shrubs. These plants are very effective at dispersing seeds,
as well as shading out grasses in pasture communities¢tal] 2000). This is important to
O2Y&AARSNI aAyOS I fFNBS LINRPLR2NIA2Y 2F /2a0l waA
2000) (Holkt al, 2000). That number has likely changed sin@nthbut an understanding of
scaleis necessary when considering the most economically anctitumally effective
restoration methods. The shading out of grassesHuybs is critical to make room the
system for tree seedlings. In fact, some consider pasture grasses to be the primary reason for

low seedling survival rates (Hell al.2000).
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Pasture sites attract a different community of organisms than a forest conitpun
Rabbit herbivory ia primary contributor to low rates of seedling survival (lébkl., 2000).
Rabbits often feed on tree seedlings befohey have a chance to establjstieating a difficult
and competitive environment for tree regeneration that favors fast growing, and in some
instances, less valuable tree species. In pastures without any remnant trees, the seed bank is
continuously depleted as a result of germination aatefd establishment of tree seedlings.
Seed rain from neighboring forests and frugivore dispersal are the magimalmethods by
which seed banks can be replenished (Schlawin and Zahawi, 2008). Tree seed density is also
much lower in pasture (21/& thanin neighboring secondary forests (40Znaccording to a
studyby Wijdeven and Kuzg@000) In that same study, they determined that 42%wbody

specgesseedlingsvere consumed by predators.

Natural revegetation is further complicatdxy the fact that eme sites havenore
degradedseed sourcethan others due teerosionand can also have poor seed dispersal. This
process presents its own challenges, but time will eventually allow for the establishment of

secondary forest communities.

The RelationshiBetween Soil and Landscapedperties

Attempting to test for correlation between landscape properties and soil properties is
inherently tricky.Notwo sites are the same and every system is different. In a study in
Pennsylvania that examined the relatgmp between slope and soil thickness of O, A, and E

horizonsin secondary forestghey found there was no correlation. They posited that the rate
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of soil development at their sites outpaced the rate of erosion (Carter and Ciolkosz, 1991). They
also maddhe case that treeghrows, which were common in their study sites, might have
contributed to the offsetting of gradient effects and their impacts on soil development and
movement (Carter and Ciolkosz, 1991). Other studies have found that there are donelat
between slope and soil erosion. Pennock and de J®890)suggest that erosional processes
have the greatest influence at shoulder positions, and the least amount of influence at
footslope positions, contributing to the formation of thick A horizamgoncave landscapes. A
recent study examined the historic agricultuyadirivenchangedo the carbon cycle, specifically
looking at SOGVang et al., (201 4etermined carbon burial rates have increased as a result of
agricultual disturbance anerosion Furthermore, SOC has not simply been transported, but
has also formed protective complexes with minerals and stored long term. Therefore, historic

erosion of SOC has led to a terrestrial C uptake (Véaat), 2017).

Studies have examined the rétanships between landscape properties like slope, and
profile and plan curvature. Thompseah al.examined these relationships using a profile
darkness index (PDI) as a method to measure the level of organic matter accumulation at
specific locations alongansects. The accumulation of organic matter in sloped landscapes is
typically related to the profile curvature and water flow. As water flows downslope, material is
carried from shoulder and upslope positions to the downslope positions in the landshape.
movement of water in catchment areas leads to different levels of wetness throughout a profile
curvature. Wetness index has been used to measure the value of wetness at a specific location.
Wetness index is typically found to be highest ondristsand in valleys, and lowest on steep

slopes or in areas where water can drain freely (Moore et.al., 1993). Thonepsdr{1997)
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found that PDI was greatest at downslope positions, in areas that had accumulated organic
matter due to erosional processasd where moist conditions slowed decompositidrhis
supports the notion that erosion, coupled with slope and landscape position, will lead to the
thickening of organic and A horizons at more concave landscape positions (Thompson et. al,

1997).

Considemgmy study location and the importance of data collection specifimigsites,
scale wasn important factor inconductingsoillandscape analysitn analyzing data and
attempting to extrapolate information aoss landscapes usid@0 m x 100 m grid €gor
largerchange the information content for parameters like wetness index (Meba. 1993).
Furthermore, scales of that size may smooth out surfaces, and subsequent data may not

represent slopes, profile, and plan curvatures accurately.

Volcanic hfluence on Soils

In the tropics, volcanic influence can have a profound impact on the characteristics of
the soil and the landscape. Volcanically influenced soils have high porosity, small particle size,
high water holding capacity, and low bul&nsity. In Costa Rica has experienced the effects of
volcanic activity recently. An eruption has occurred as recently as 2010, however the last major
eruption was in 1968, which blanketed the surrounding area and the Monteverde region
(Volcano World, 2017 Therefore, it is important to consider the presence of andic properties

at my sites.
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Hypothesis and Objectives

Consideringny understanding of theegionand the complexity of landscapes in Costa

Rical developedseveral researchuestions

f &2 K ardithe relationships between soil properties and landscape faanrthe Pacific
{2 2F a2y iS@OSNRS: /2aidlF wAOl K¢
T /1y tFyRaOFLIS | GdNKAo6dziSa 0S8 ¥SR G2 SELX |
We know based on accepted scientific theory that specific soil properties change with
changes in slopaVe also know that the tropics are a complex landscape which often yield
different results for studies with similar objectives, leading to a degree oémainty when
attempting to make conclusiondy main objective is to describe soil characteristics across
multiple landscapes in the Monteverde region and attempt to explain variation in soil
characteristics using landscape attributebelievethat degite natural variation, soil
properties such as carbon, deptb tlay, and A horizon depth caary predictably based on
landscape positioand slopePDI will also be well correlated with sloped will be useful in
understanding carbon dynamics at thextiscape scalé&Knowledge of the region coupled with
preliminary research and communications with the Monteverde Institute helped us formulate
my objectives for the projectProperties of importance for us are thiepth to clay, slopgthe

thickness of theA horizon pesent, land use history, armkercent carbon
wSTSNBYy OSa
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Chapter 2 : Project Planning and Execution

Introduction
Deforestation continues at aalarming rate across the worl@osta Rica has instituted
programs to reverse the impacts of deforestation by regenerating tropical fdreseécent
years, Costa Rica has been a leader in tropical forest restoratigh. 1 KS mMdbpdpn Qa 3I2 3SN
programs like Payment for Ecosystem Services (PES) and Reducing Emissions from
Deforestation and Forest Degradation (REDD+) were created in Costalieisa.programs
have led to an increase in localized restoration efforts throegbnomic incentive to

landowners(Sanche#zofeifa, et al., 2007).

Tropical forest restoration in Costa Rica has seen mixed success. On the Pacific slope of
Monteverde, therehave been efforts to restore tropical forest on pasture and agricultural land.
The Monteverde Institute has been involved with these projects in recent years and has begun
record keeping for their various sites in order to better document tree survivoismgpoverall
restoration success rates. Success rates for tropical forest restoration in Monteverde, Costa Rica
range from 0% to 94% tree survivorship (Debra Hamilton, personal communication, February
11, 2018). This is an issue for the region as Costar&®lies heavily on eetmurism for income,
especially the Monteverde region. Restoration of the tropical forest in other parts of the
country has been able to not only restore the forest, but also encourage the return of

charismatic wildlife such as thaigtzal and bell bird. Restoration of these forests also helps to
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prevent and mitigate future erosional events that can devastate these communities that live on
such steep slopes, causing the destruction of infrastructure and threats to the wellbeing of the

local environment.

Soillandscape relationships may expla@asons for high and low tree survivorship.
Landscape position can be used as a predictor of certain soil properties including soil thickness,
soil carbon, and plant available water (Moore &t 4993; Pennock and de Jong 1990;

Thompson et. al, 1997). Factors like thickness of soil, soil carbon content, and plant available
water will determine the ability of plants to establish roots and geovd maintain nutrient
needs.The catena concept sugsts that downrslope positionglower backslope, footslopeyill
have thickettopsoiland a deeper depth to clayecause okrosional movements ansbil
development (Hugget, 1975Fonversely, positions that are gope(upper backslope,
shoulder)will have generally thinner soisnd a shallower depth to clawith less water

available for plants, with summit positions exhibiting more stable soils.

My study objectives were to describe soil characteristics across multiple landscapes in
the Monteverderegion and attempt to explain variation in soil characteristics using landscape
attributes. My hypotheses areal propertieswhich areimportant for plant growthsuch as
carbon, deth to clay, and A horizon thicknesan vary predictably based on landsegmsition
and slopeHigher landscape positions will yield lower levels of carbon, shallower depths {o clay
and thinner A horizonswvhile lower landscape positions will yield higher levels of carbon,
deeper depths to clay, and thickérhorizonsPDI wil also be well correlated with slope and

will be useful in understanding carbon dynamics at the landscape scale.
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Site Description

The Monteverde Region of Costa Rica is located in the northern section Gbtiddlera
de Talamancélalamanca Mountains) and straddles the provinces of Guanacaste and Punta
Arenas. Th principal towns of the region are Santa Elena, Monteverde, and San Luis. The
overall study area ranges from elevations of ~1500 m to 1100 m, largely in the Premontane Wet
Forest life zongTropical Scientific CentetEcological Map ofosta Rican Life2z/ §.dte
regionreceives 240.3 cm of rainfalhnually and mean annuhlgh and low temperatures of
20.4 and 13.6C, respectivelyJohnson et al., 2005)

The higher elevations and Caribbean slope of the region contain protected forest areas.

NEETETTE

Study Area

CQsta Rica
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01530 60 90 120 ‘Panama
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Figure2. Satellite iamge map of Costa Rica with the study area.
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The Pacific Slope, where this study is located, was historically forested, but post

*»

L. crandell

", Curicancha

Figure 3. Satellite image map of the region in which we sampled, indicating study sites.

European settlement, land was cleared for timber and developed for agriculture, including
coffee and grazing land. For this stuflye sites were investigate@Figure 2 3) for soil and
landscape attributes. These sites wet®sen for theivariation in land use and slope
characteristicsThe sitsare: Nacimiento y Vida, Crande@uricancha La Calandria, and Finca

Rodriguez.

Nacimiento y Vida (referred to as Nacimiento):

Nacimiento is a large site whiclonsists of active anestoredpastureand is located on
the western side of Santa Eleatan elevation of about 1200 nThe active pasture is virtually
void of trees and is dominated by grasses. The restored pasture is a space comparable in size to

the active pasture and is dominatéy trees and shrubfestoration has been conducted here
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during the past decade by the Monteverde Institutéegetation in the restored pastuiie much
more varied and the canopy, while not full, provides shade and lower temperatorapared
to the activepasture areaSlopes orthe site range from 1.7 to 27.9 slope degre€ke overall
aspect issouth westand pits were excavateal the footslope, backslope, and shoulder
positions.Point samplingvas concentrated along the slope profile as well adase proximity

to the soil pits.

Finca Rodriguez:

Finca Rodrigueat an average elevation of 1260 m is locatexdth of Nacimiento on
the westside of Santa Elena and is also still used for agriculture in certain areas. The site has
undergone forestestoration efforts for several years and vegetation there is the rdesiseof
any of the restored sites we visited. The vegetation is predominantly composed of older trees,
with younger trees and shrubs also present. The canopy provides cover from thadkeeps
temperatures here cooleiSlopes range frort to 20 degrees. The pit was sampled at a
footslope locatbn along a central slope transettat extended though the property. Point

sampling was also concentrated along this slope profile as weilltags iarea around the soill
pit.
Curi Cancha:

Curi Cancha is an ecological reserve that was purchased in 1970 by the Lowther family
and allowed to mostly regrow without any cutting or manipulation (Res@uacancha 2017).
In 1997, the reserve was designated as a reserve and has been undergoing restoration from

pasture to forest (Reserv@uricancha 2017) It is located east of Crandell on the eastern side
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of Monteverdeat an elevation of 1460 nThe reserve is atge area, but oupermitted
samplingareawas limited to the restored pasture and part of thetact forest that remains in

the southern portion of that area. The restored pasture is dominated by tall grasses and shrubs,
with older trees also dispersetiroughout. The iftact forest is dominated by older, mature
trees.The site is characterized by an undulating uneven sudatending across sloped

surfaces. Slopes on the site range from 6 to 17 slope degfbespit first was chosen based on

its locaton at the footslope of a central slope profile in the restored pasture. The second pit

was selected based on its location in theaet forest south of the pasturd?oint samplingvas
conducted by concentrating on capturing soil variability across theegboofile. This was made
difficult by the sites undulating nature as well as thick masses of vegetation which prevented

sampling.
Crandell:

Crandell is a smaller site located on the eastern side of Monteverde on the property of
the Monteverde Institutewith an elevation of 1460 mit is formally pasture and has also
undergone restoration for several years, witlindbreak treesstill present at the site.
Vegetation at the site is more densfean other sites like Nacimiento and C@il y OK I Q& LJ- & G ¢
with larger trees and a fuller canopy which keeps the temperature in the area cooler. It is
dominated by older trees, with some younger saplings and shrub&khsThe site is generally
low-sloping ranging from 2 to 16 sleglegrees. The landscape hesddsscomplex tharsites
like Nacimientoand Curcancha The pit was chosen based on its location at a footslope. Point
sampling was conducted by sampling the airealose proximity to the pit thd A (géntea

slope profile.



40

La Calandria:

La Calandria issate that has also undergone restoration in the recent past and is
currently used as a private biological resetevas purchased by Research and Preservation
for Costa Rica in 1999 and is managed by the Costa Rican Conservation Foundation (Debra
Hamilton, personal communication, January 30, 204&) derives its name from the Spanish
word for the threewattled bellbird Procnias tricarunculatusly is located south west of Santa
Elenaat an elevation of 1230 nThe siteis a fairly large imomparaison to Nacimientand can
essentially be divided into two sections, east and west. The west side has undergone
restoration for a longeperiodthan the east sideThese differences have led to a disparity in
overall success and aesthetics of eacttisa. Unfortunately, exact details on the restoration
history of the two portions of the site are unavailabl& Calandria is dominated ggunger
trees, with some older trees and shrubs present. The site is generally low sloping with slopes
ranging from2 to 34 slope degrees, although most slope measurements were below 10 slope
degreesPit sampling was conducted bynspling the shoulder and point samplimegas
concentrated around the pits as well as further downslope to capture soil property changes at

the foot-slope position.

Soils

Pit Location andPoint sampling
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For each site, the overall landscape was evaluated to identify key attributes that might
be associated with distinct soil variations, such as slope pKefile shouldge backslope,
footslope) and exploratory soil auger holes were conducted to assess this. Representative
positions that captured soil variation were then selected for full soil pit excavation. Landscape
complexity at each site, as well as assibility, dictated the number of pits excavated and the

subsequent landscape auger sampling (Table 1).

Site Number of | Slope Position(s) # of Auger| Landuse(s)
Pits Samples
Nacimiento 3 Footslope, backslope, and | 70 Reforested pastur:
shoulder and active pasture

Crandell 1 Footslope 32 Reforested pastur:

Curicancha 2 Footslope 33 Reforested pastur:
and intact forest

La Calandria 2 Shoulder 35 Reforested
farmland and
pasture

Finca Rodriguez | 1 Footslope 30 Resforested
farmland

Tablel. Sites sampled with theiespective numbers of pits and auger samples, as well as the pit slope positions .
site landuse.

The original ideal sampling desimcludedsoil profiles at the shoulder, backslope, and
footslope positions. Each site presented unique constraimslandforms, resulting in
adjustments to soil pit locations and quantity. Time in country also limited an exhaustive

sampling regime.

Soil Profile Descriptions

Horizons were broken down based on physical differences like structure, texture, and

color. Haizon depths, boundariesnoist color, resistivity, percent clagnd roots were also
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recordedfollowing NRCS methodology (Schoeneberger et al. 2&l@pe and elevation

information were recorded along with GPS coordinates. The sites | visited wkreasdid in

Guanacaste Province (Figure 2). Samples were collected from the horizon groups by sampling
across the width and depth of the pit to select a representative sample from each group.

Samples were bagged and stored in a refrigerator at the Montéverd. y & (i Auititizi SQa f I o
shipment to the analysis laMy main concern in my investigations was the depth of the A

horizon (normally found at the surface ofetlprofile) and the depth to root restrictive clay

(present throughout the region). At some pit &ions, there were more than a single A (Al and

A2 or an AB). Thereforesampled on a lumpers scale agbuped horizons as necessary to

capture the entirety of the A horizon and the respective underlyiogzons as well as the root

restrictive clayitself.

Soil PointSamples

Probing locations were selected to capture expectedlsoitlscape variations (e.g.
concaveconcave or convehlnear profileplan landscape positionspoint samplingllows for
more rapid sampling than a soil pit and can providere broad scale landscape information.
Using soil push probegith a 1.75 cm diameteanda 6.4 cm open faced soil augebil color
was measured aabout20 cm using the Munsell color syste8oils were sampled to contact
with the characteristic red clagich B horizon or to a restriction, typically saprolite or more
intact rock. A and B horizon depths and Munsell colors, slopeGif8bcationwere recorded
Two separate point samplinggewsworked on collecting samples to provide daihdscape

information throughout the site.
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Soil Pit Properties

Soil Coloand Texture

Color was measured in the field using a Munsell color book. | decided to only measure
moist color because the field conditions were wet which made it difficult to measure dry color.
Blacker colorglower value and chromahdicate greater concentrations @irganic material. In

my study region, more red colors indicate higher concentrations of clay material.

Texture was measured in the field following the guidelines set by LNSRIZS for the

texture by hand method (Schoeneberger et al., 2012).

Structure andRoots

Structure was measured in the field following the guidelines set by WR2S for
identifying the type, grade, and size of soil structure (Schoeneberger et al., 2012). Abundance

and size of roots were recorded.

Resistivity

Resistivity was measutlausing a model 4195 pocket penetrometer (Humboldt
Manufacturing). Resistivity measurements were taken in sets of 3 for each horizon. The average
was then taken and recorded. Holes and areas that were visually structurally compromised
were avoided as thelp prevent an inaccurate measurement form being recorded. The
penetrometer was pressed until the line on the probe end met with the soil pit face. The

resistivity was then read (measurements were taken in .025 kg)/chine penetrometer can
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measure up tat.5 kg/cn?. There is no calibration needed and the device measurement errors
can range from @ 0.121 kg/cm. High measurements indicate more dense material, while

lower measurements indicate a less dense material.

Lab analyss

Soil samples were sent the CATIE lab forutrient analysis, pH, and particle size
analysisLab analysis by CATIE provided a more detailed and accurate analysis of texture using
the hydrometer method for particle size analy@izee and Bauder, 19863 well as nutrient

levelsfor pit samples

Carbon and Nitrogen

Total percent arbon measurements were conducted using the total combustion
method. A ThermoFinigan FlashEA 1112 carbon and nitrogen autoanalyzer was used. One
hundred grams of homogenized and soil sample was drid@atC and sieved with a 2mm
sieve. A subsample of 30 to 40 mg was taken and sieved with a 0.250 mm sieve for analysis in

the autoanalyzer.

pH

pH was measured by using the 1:1 soil and water method using a calibrated electrode
following the procedure outlined in the USDA Soil Survey Laboratory Methods Manual (2004).

Measurements were recorded to the nearest .01 pH unit.



45

Copper, Zinc, Manganedeon, and Potassium

These elements were measured using the Olsen modified pH 8.5 method (Olsen et al.,
1954). Samples were dried at 40° C and sieved with a 2 mm sieve. Subsamples of 2.5 g were
taken and stirred into the modified Olsen reagent for 10 masuin a shaker at 400 rpm. The
sample was subsequently filtered through Whatman #2 paper. Measurements for Cu, Zn, Mn,

Fe, and K were made on the filtrate using an atomic absorption spectrometer.

Phosphorus

Measurement of P was conducted using the cotairic method. After measurements
for Cu, Zn, Mn, Fe, and K, 2 ml of the sample was diluted with 10 ml of Ammonium molybdate
and 8 ml of diluted stannous chloride. A calibration curve was made with concentrations of P at
0.25, 0.5, 1.00, 2.00, and 4.00 rhgh Olsen reagent from 100 mg / L of P. Once the sample
color changed to the same color as the previous samples, absorbance was read in a colorimeter
at 660 nm. Between 7 and 20 minutes were given forachemical reactions in theample

come into equilibium. Samples were subsequen#igalyzed in a colorimeter.

Calcium and Magnesium

Potassium Chloride extraction was used to measure Ca and Mg. Soil samples of 2.5 g
were air dried at 40° C and sieved with a 2 mm sieve. Samples were administered 25Nn| of 1
KCI and stirred for 10 minutes in a shaker at 440 rpm. The sample was subsequently filtered
through Whattman # 2 filter paper and filtrate was saved. Then 9 ml of distilled water and 15
ml of Lantano Oxide were added to 1 ml of filtrate. A calibratimve for Ca with

concentrations of 1.00, 2.00, 4.00 mg/L. was prepared in 1 N KCI. Another calibration curve for
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Mg was made with concentrations of 0.1, 0.25, and 0.5 mg/L. Subsequently, 10 ml of 1 N KCI
was diluted with distilled water and 2 drops of ptaphthalein were added. Titration was used

until the color changed from colorless to pale pink and held color for 15 seconds.

SoitLandscape Analysis

Redness Rating and Profile Darkness Index

Carbon dynamics at the landscape scale are particularlgritapt to the project and as
a result it became clear that a method to measure soil carbon for my probe data was needed.
t 5L 2NJ Gt NPFAES 5FNyJyS&aa LYRSEé ¢l a RS@OSt 2LISR

darkness of soil samples. It is measured ughegollowing formula :

.o 0@ i "Qajiimfobé Qi i
LOO —
wzo p

whereV is Munsell value, moist, and C is Munsell chroma, moist.

The primary purpose of the index is to act as a proxy for soil carbon and thus allow for rapid,
large-scale, and inexpensive analysis of soil carbon dynamics. PDI was calculated for my probe
sample data and mapped to assist in expanding my understandsgjlafarbon dynamics at

my sites.

PDI was developed and used in a glacial till landscape in the northern Midwestern U.S.
Parent mineralogy is decidedly mafic and degree of soil development is low due to a cold

climate and short time window of 12,000 ysgost glaciation. PDI was developed for this
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landscape because other color indices were not effective in describing landscape soil
distributions. The Redness Rating (RR), which served as a base to develop PDI, was developed
for soils in a more developddndscape, where iron oxides are more prevalent in soil profiles

(Torrent et al., 1980, 1983). RR is calculated as:
5
YY "0z —
W

Where H is Munsell hue (in the red spectrum), moiis Munsell chroma, moist, and V is
Munsell value, moist. Thompson aBell (1996) altered the RR to account for a wider range of
hues. | used this modified version because we observed subsoil colors outside of the red

spectrum (e.g. 7.5 YR). The modified RR is:

5
YY 1TULv 072 =+
W

Statistical Analysis

Statistical analysis was conducted using R and Microsoft Excel. the objectives of the data
analysis was to explore the soils and landscape relationships using linear regression and

descriptive statistics.

Due to the sampling scheme, which was purposedthier than random, and the
distinctly different site histories and soil geomorphologies, | made the decision to focus on
linear regression and descriptive statistics. This makes sense for the project because it allowed

us to analyze sites individuallywas important for us to recognize the limitations of the data
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and to adapt my statistical methods to match the nature of my data as well as the goals of the

overall project.

wSadzAg 64 yR 5Aa0dzaaArzy

Sites

Field work took place over theuarse of sevemays.Nacimiento was the first site visited
and was the original impetus for this study. Btedy visits to the site suggested slaihdscape
relationships that fit the classic togequence concept, especially for a landsctyae has been
deforested, caverted to pastureand had significant slopewash erosion. Reforestation efforts
had strong success in the overthickened fogtele and were weak in the degradbéckslope
and shoulder slopes. For the study, it was expected that all five sites would ingilar stories.

Analysis showed that our study sites were all different.

Nacimiento

At Nacimientoa total of 70point samples were recorded and three pits described.
Nacimiento lad the most evidentelationship between Aorizon thicknesand slope degrees
(Figured). At Nacimientq as slope dgrees increases, A horizon thickness decreadss. A
evidentisthat as slope increases, the depthrmot restrictiveclay decrease@~igure $. This
likelyhasmuch to do with land use historjfter the native forest was removed, Nacimiento

was overgrazed pasture (Debra Hamilton, personal communication, January, 2018).
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Nacimiento Point Samples : Slope Degrees vs. A Horizon Thickness (cm)

o R?=0.225
p =203e-05

A Horizon Thickness (cm)

Slope Degrees

Figure 4. Point samples from Nacimiento with a simple linear regression line displaying the relationship between Slc
Degrees and A Horizon Depth (cm).

Nacimiento Point Samples : Slope Degrees vs. Clay Depth (cm)

100
|
L ]

Clay Depth (cm)

Slope Degrees

Figure 5Point samples from Nacimiento with a simple linear regression line displaying the relationship b&togen
Degrees and depth to clay (cm).

intensiveland use change caused erosional issues as thaseno root system to hold the soll
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intact. In addition, theupper soil parent material is derived from volcanic ash andwhith is

low in weight and density and is susceptible to wind and water erofienause of thespast
management practicesne can sedhat there has been movement of material to the footslope
(with a slope of 4legrees)y comparing with the locations of the second and third pits at the
back slope (with a slope of 17 degrees) and shoulder (with a slope of 11 degrees) regpectivel
(Figure 6. Because of the selindscape variations present at Nacimeintdpitows classic soll

geomorphological theory and represerdasatena well.
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The pits dug at Nacimiento show an obvious contrast between three different slope
positions: fooslope, backslope, and shoulder. At the shouldiy content increasedharkedly
between the upper two horizons and the third Bt horizdmepercent carbonn each horizon

decreased with deptlas didpercentsand.Resistivity and pH also increased with depth.

Thel09 cmpit dug at the footslope position at Nacimiento revealed thémination of
years of soil erosion downslog&able 2. The horizonation in this pit was more complicated
than the other two due to the land use history of the site. Contact with the root restrictive clay
layer was not made until 120+ cifihepercent cabonremained similar to 98 cm, where it then
began to decreaseClaycontentwas also low in the first 3 groups and increased sharply in
groups 4 and 5This pit presents an example of the accumulation of material frorslape
positions, thickening the yger portions of the soil and influencing clay content gosiicent
carbon

Table2. Pit data for the footslope pit &acimiento. pH, % Organic Carbon (OC) and % Sand and Clay are grouped.

Depth Texture Resistance % Sand,
Horizon (Cn?) Color (field (kg/crm?d) pH % OC Clay (lab
based) g based)
Al 0-24 N20 SL 1.5
A2 24-45 N20 SL 1.75 6.3 6.94 69.3, 34
BC 4565 10YR2/1 SL 4.5
C 65-89 10YR3/1 SL 4.5+ 6.4 6.12 69.3,6.1
Ab 8998 N20 L 25 6.3 6.13 56.8, 5.9
Bwb 98-109 7.5YR5/3 L 3.25 6.4 2.94 51.8, 37.2
2Bt 109120+ CL 6.4 1.42 31.8,41.2

At the backslope, clay content increased with depth, with the Bt horizon reaching the

highestpercentclay of any of the pits at Nacimien{@able 3) Similar to thesoilfrom the
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shoulder position (Table 4percent carbordecreased with depth with overall lower levels of
carbon in its respective horizons. The pit also had a thinner A horizon than the shoulder, again

suggesting erosional movement of material to dealope positions.

Table3. Pit data for tte backslopgit at Nacimienod. pH, % OC and % Sand and Clay are grouped.

. Depth Texture (field Resistance % Sand, Cla
Horizon (ch:\) Color base(g) kgiem®) PP %OC  ap based) ’
A 0-18 N20 SL 1 5.8 4.32 71.7,11.2
BA 1828 7.5YR2.5/2 SCL 2.5 6.1 2.26 49.2,26.2
Bt 2899+ 7.5YR2.5/3 C 4 5+ 6.3 0.83 21.6,53.7

Table4. Pit data for the shoulder pit at NacimienfaH, % OC and % Sand and Clay are grouped.

) Depth Texture (field Resistance % Sand, Cla
Horizon (chr)w) Color basec(i) kgiem?) PP % 0C b based) ’
A 0-23 N20 SL 1.75 5.8 6.69 74.2, 6.3
AB 2331 7.5YR3/2 SL 2 6.0 4.27 64.2, 8.9
Bt 31-72+ 7.5YR3/3 SICL 45 6.0 1.81 39.2,36.4

Nacimienb: Active vs. Restored Pasture

A section of Nacimiento is still currently used for pasture, which presented us with the
opportunity to sample modern pasture and compatre it to the restored pasture at Nacimiento.
The pasture is only vegetated by grasses used as food for grazing liva@$te@mount of data
collected for the modern pasture at Nacimiento was not enough to warrant an independent
analysis due to the low sample size for the probe samples guaditel pit description. Here, six
points samples were taken and opé& was dugThe partid pit was dug on a slope of 16
degrees at the backslope position, howevey titme was cut short due tathunderstorm,

although 1 still managed to collect pit samples in time. The clay content in the pit increased with
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depth and carbon decreasedtwidepth (Table 5)Point sampling showed a trend similarttee

Ahorizon depth variation in the restored pastuaéthe backslope and shoulder locations

Table5. Pit data for the pasture pit at NacimienioH, % OC and % Sand &ldy are grouped.

. Depth % Sand, Cla
Horizon (ch:\) pH % OC (lab based) y
A 0-38 6.2 6.06 74.2,6.3
AB 3855 6.3 5.38 64.2, 8.9
Bt 55-69+ 6.3 2.30 39.2,36.4

Nacimiento In Context

/| 2YAaARSNAY 3 bl OA Y Al Baydidet€@rainet thagrésiondndluedK A & (1 2 NB =
slopewashhas contributed to thehickeningof the soil profildocated at the footslope
position, while at the same timiinningmuch of the upper portion of the landscape,
especially at the backslope position. There is an 81 cm differbatween the depthio the
root restrictive clayof the backipe pit and the footslope pit which indicates the degree to

which soil erosion has occurred at this site.

Finca Rodriguez

The data collected from Finca Rodriguez consisted @iodtt samplesand a soil pit. As
a former farm, one would expect there to be erosion similar to other siteg expectation is
furthered bythe presence of steep slopes found on the site (as high as 20 degrees). However,
at Finca Rodriguez therg significant vegetain present, including the areas in which coffee is
grown. | would expect thiso slow erosion as the land managememthe agricultural portions
of the site seento minimize exposed soil surfacd$e forest structure had a noticeable

portion of trees in older age classes. The number of older trees present at this site were greater
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than most of the other sites which indicate that cutting has either not occurred in a long period
of time, or the cuttirg was not as comprehensive as at other sites. This also could indicate
better site conditions as it may be possible that the vegetation is able to grow more readily at

Finca Rodriguez than at other sitdse to less eroded landscape conditions

In pointsampling, the A horizon at Finca Rodrigaghibited an oppositebut weaker

Point Samples : Slope Degrees vs. A Horizon Thickness (cm)

Site
* Nacimiento
* Finca Rodriguez

100
|

80
|

R*=0.102
p =0.0472

g0

A Horizon Thickness (cm)
40

20

R*=0225

. p=2.03e-05
T I T T T T T
0 5 10 15 20 25 30

Slope Degrees

Figue 7. Comparison of point samples from Nacimiento and Finca Rodriguez with simple linear regression lines dis|

trend compared tdNacimientoshowing that aslope agrees increase, A horizon thickness
increaseslt may be that some of the larger trees, tree throws, and root systems in the
established forest at Finca Rodriguez are able to trap soil carbon as it erodes from upslope
positions to downslope positions. Daniels et al. (1987) reported similar conditiondisturbed
montane sites in North Carolina, United States with regard to tree throws, comparing their soils

to tropical forest soils. Finca Rodriguez may reveal trapping of soil carbon by larger trees with
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more developed root structures that are able iboth prevent movement of soil downslope, as
well as catch soil during erosional events or crepo important to consider are the range of
slope values sampled for Finca Rodriguez. The range of slopes is more narrow than for
Nacimiento, which may exglathe positive trendAnalysis of depth to clay and slopas

inconclusive due to low sample size.

The site exhibited a thick dark A mn at the pit location which includezburse
volcanic ash froml6 to 20 cmThe ash is likely remnants of ti868 eruption of the proximate
volcano,Arenal(Smithsonian Institution, 2013yhich depositedsignificant ash ovet5 sq. km
(Volcano World, 2017)ncluding the Monteverde region (Debra Hamilton, personal
communication, July, 2017If that holdgtrue, then the sd below the Ahorizon is older than
the material deposited from the erruptiorConsilering the lighter densities and textures at

Finca Rodriguez, this soil may be an Andisol. However, it is difficult to say definitively due to a
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lack of specific lab work to identify it as su@he total depth of the pit at Finca Rodriguez was
120 cm(with aslope of 6degreedocated at a local footslopeand the root restrictive clay layer
was not reachedFigure §. The clay content was relatively low throughout the pit qredcent

carbondecreased with deptiiTable 6)

Table6. Pit data for Finca Rodrigugrd, %OC and % Sand and Clay are grouped.

Depth Texture Resistance % Sand,
Horizon (Cn?) Color (field (kg/crmd) pH % OC Clay (lab
based) g based)
A 0-21 N20 SL 1 6.0 7.45 76.8, 3.3
AB 21-54 10YR2/2 SL 2
Bw 54-61 10YR3/3 SL 3 6.4 4.75 71.8,3.2
ABb 61-108 10YR2/2 L 2
Bwb 108120 7.5YR3/3 L 1.5 6.6 2.97 59.3,8.2

The history of the site is partially illustratedthre pit. There is an ABtorizon present
from 61-108 cm, below the Bw, indicatingoairied profile. It would dso suggest that there has
been moderatesoil developmensince deposition eventEnough time has passed, or enough
soil development has occurred to allow for the Ab to transition to an AB. Historic volcanic
deposition may contribute tothe 6Qa oAt AGe& (2 YIAYyOGlFAy @S3aSal i
history as a farm. This may indicate that either practices have lmplemented at Finca
Rodriguez which have resulted in effective erosion control and soil remediation, or the site has

been able taretain characteristics of good soil due to its fertile components.

Curicancha



58

Curtcanchawas formerly a pasture with portions of intact Forest. The regrowth of
vegetation there has beeongoingsince the 90s (Reser@uricancha 2017. In total, two pits
were dug, along witl33 point samplesThe site was largely vegetated by tall grasses and the
landscape exhibited a unique undulating qualityhile erosion has been part of thisA G S Q &
history, revegetation appears to haeiminated surface indicats of erosimal problems and
has worked to stabilize the landscape.

Point sampling at Cudancha did not reveal a significant trend between A horizon
thicknessand slopedegreesnor depth to clay and slope degredsis may indicate that the
restoration efforts conducted at Cucancha have been relatively successful silandscape
level evidence of slope driven A horizon transport is not evident. Howeke®, t a A 1 S Q& f | Y R
is highly variable and thalsohad an impact on the lack of significant relationship between the

two variables.
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The pit dug in the former pastaratCuricanchawvas 108 cm deep with a slope 1%

degrees (Figure)9Clay content did not increase consistently with depth due to the buried A

horizons(Table 7)

Table7. Pit data for the restored pasture pit at Curicanghid, % OC and % Sand and Clay are grouped.

Horizon Depth Color
(cm)
A 0-28 10YR2/2
Ab 2843 N20
C 43-80 10YR2/2
Ab2 80-99 10YR2/1

2Bt 99108+ 7.5YR3/3

Texture (field
based)
CL
CL
COSL
L
C

Resistance
(kg/lcm?)
1.25
1.25
15
2.75
2.25

5.8
6.0
6.5
6.6
6.5

% Sand, Clay

%OC  ab based)
632 641,111
9.72 71.5, 6.2
3.45 81.6, 6.2
3.67 64.0, 8.8
151 264,465

This also led tan inconsistentlecreaseof carbonwith depth, with the highest level of carbon

found in the Ab horizonThe second pit was dug in intact forest at @amcha. This pit had a

depth of 58 cm and a slope 627 degrees (Figurk)).
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