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ABSTRACT OF THE DISSERTATION

Landscape Patterns of Diversity, Wood Density, and Protected Areas in Forests of Costa Rica

by

Chelsea Marie Robinson
Doctor of Philosophy in Geography
University of California, Los Angeles, 2018

Professor Thomas Welch Gillespie, Chair

Costa Rica harbors high levels of biodiversity and endemism. While Costa Rica does tend to
have good conservation policies in place, understanding the patterns of plant diversity and
biomass can allow for better management priorities. Current technologies utilizing spaceborne or
airborne remotely sensed imagery could be very useful to study terrestrial processes and allow
for better monitoring of patterns of forests, both spatially and temporally.

Improvements in relating forest structure in highly complex and diverse forest
environments to plant diversity are critical to the science goals of the UN-REDD+ program as
well as for tropical forest research in general. The scope of the proposed dissertation will cover
six chapters across distinct but interrelated topics concerning the forest of Costa Rica, which
seeks to improve the existing methodologies and compare results to other datasets. Ideally, this
research will be applicable to other tropical environments with both field-collected tree inventory

data and appropriate remote sensing products. After the introductory chapters, | focus in on the



National Park of Braulio Carrillo for Chapters 3 and 4, then scale up to the entirety of the
country of Costa Rica to look at sixteen years of forest change. The first chapter introduces the
importance of understanding tropical forest diversity, biomass, and carbon dynamics, as well as
some specific to the country of Costa Rica. The second chapter outlines the specific study area
covered in Chapters 3 and 4 within Costa Rica’s Braulio Carrillo National Park (BCNP), which
protects a large elevational gradient from 55 to 2814 m above sea level, and the adjacent La
Selva Biological Station (LSBS). In addition, this study area chapter also discusses the country
of Costa Rica in general, specifically in terms of forest policies and protection. Chapter 4
analyzes wood density from 29 stand-dominant collected along the BCNP elevational gradient.
The patterns of species wood density and aboveground biomass from field measured (tree cores)
and database wood density values were assessed to examine how wood density and biomass are
affected by changing elevations, both intraspecifically and at the stand-level. Chapter 5 scales the
remote sensing analysis up to entirety of the country of Costa Rica. In this chapter, | assess the
spatial patterns driving deforestation and afforestation across Costa Rica and protected areas.
Forest loss and gains within the country for the years of 2000-2016 at 30 m spatial resolution
were calculated, and we tested whether protected areas (PAs) indeed had less forest loss than
non-protected areas. Chapter 6 concludes the dissertation with the general state of the forest in
Costa Rica based on the research from the preceding chapters and suggests possibilities for
future research utilizing new remote sensing and GIS technologies.

The scope of this Ph.D. dissertation spans a range of topics from field ecological
questions to extrapolation mapping and quantitative ecology. The topics covered are temporally
relevant and will directly address important goals outlined in UN-REDD+ scientific plans.

Developing an understanding of diversity and successional stages both within and outside of



protected areas may give us some insight on how to best manage tropical montane systems and

may aid in developing conservation priorities, particularly in the face of climate change.



The dissertation of Chelsea Marie Robinson is approved.

Yongkang Xue
Gregory Stewart Okin
Philip W. Rundel
Sasan S. Saatchi

Thomas Welch Gillespie, Committee Chair

University of California, Los Angeles

2018



DEDICATION

| dedicate this dissertation to my family- to whom | owe my interest and curiosity in the natural
world. As a child, we would explore tide pools or hike with various Audubon field guides. From
then on, | knew | wanted to study the environment, and though my interest wavered between
marine and terrestrial systems, | eventually ended up loving the terrestrial world of plants. | owe
tons of gratitude to my mother, who basically raised me on her own. My doctoral committee
chair, Tom Gillespie, was an enthusiastic educator during my B.A. years at UCLA and further
piqued my interest in plants and forests and drew me away from the marine systems | had begun
to work in. I owe much of my interest and research to the guidance of Tom over the last 12 years.
Thanks to Sassan Saatchi, the UCLA Department of Geography, the UCLA Latin American
Institute, and the UCLA Institute of the Environment and Sustainability for the support and
funding over the years.

I would also like to dedicate this dissertation to my friends, both academic and non-
academic, for supporting my strange “career” and listening to me drone on about how cool

different plants are while on hikes with me, and still agreeing to come time and time again.

Vi



TABLE OF CONTENTS

LEST OF FIQUIES ..ot b bbbttt b et b ettt X
LIST OF TDIES .ottt bt Xiv
ACTONYMS USEA ...ttt ettt e et e s ba e te e st e s baeteeseesreenseeneenreenneans XVi
ACKNOWIBAGEMENTS ...ttt e et e et e s beebeeseesraenenreesreeneens XVii
[V Lt RSP T USSR PRSPPI XViii
CHAPTER 1: INTrOTUCTION ...viiiiiieiiieie ettt nre e enes 1
1.1 BACKGIOUNT ..otttk b bbbt 1
LLLLL DIVETSIEY itttk b bbbttt e bbb bt 2
1.1.2 WOOU DENSILY.....eetiieieiieiieiieeete sttt bbbttt bbbttt 5
I A 2] o] 4 F= T SRS PR PRSP 8
1.1.3 REMOLE SENSING ...cvietiitieitreiteetie st este et e st e ste e s e e s te et e saeeste e s e sreesteeseesseesaeeseesseeareenteaneenres 9
1.2 Rationale for these types Of STUAIES .......c.cccveiiiiiiiciece e 10
1.3 Structure Of the DISSEITALION .........cceieiiiiiisieiee e e 13
1.4 Chapter 1 REFEIENCES ....ocviieieieiec ettt et re e s teeteeneenreas 18
CHAPTER 2: Study Site- Costa Rica’s Braulio Carrillo National Park and La Selva
T To] [oTo T or= TS} =1 1 o] o OSSR ROS 25
N S (1T | S | (=SSOSR 25
2.2 COStA RICA POLICY ....ocuviieicciece sttt et et e esre et e sbe e teenaeares 26
2.3 IMplications Of thiS STUAY ........c.oiiiiiicce e 27
2.4 Chapter 2 RETEIENCES .....ooiveciecie ettt ettt e e te e e s beenteenaeaneas 29
CHAPTER 3: Topography and Three-Dimensional Structure Can Estimate Tree Diversity
along a Tropical Elevational Gradient in Costa RICa .........c.ccoceiiiiiiiiiiiee e, 30
N 41 1 - Uod S 30
X201 11 0o L1 od 1 o USSR 31
3.2 Materials and MELNOAS ........cuiiieiiee ettt sreenaeenaennees 34
Bi2. L STUAY ATBA ...ttt bbbttt bbbt 34
KT =] o I T | - OSSPSR 35
3.2.3 Lidar REMOLE SENSING ......ccieiiiiieieiiesiesie et ee ettt bbbt 37
3.2.4 DAtA ANAIYSIS ... e 38
LB RESUILS ottt b e e a e e e e e e br e e teeabaeabeenreeerae e 39
3.3.1 Species Richness, Diversity, and Forest Structure from PIOtS ...........cccccoovviiiiiiiiennnnn, 39
3.3.2 Lidar Metrics and Species Richness and DIVEISItY .........cccccvvviieiiieiiieiie e 42
3.3.3 Plot and LandSCape Data..........ccccveiiiiiieiie ittt 47
B4 DISCUSSION .ttt ettt b ettt b et be et se e b e bt e s b e eh e be e st e e b e et e as b e sbe e beeneesbeenbesneenneas 48
3.4.1 Species RIChNess and DIVEISILY ......ccviiiiiiieiieciee ettt 48
3.4.2 Forest Structure from Field Measurements .........ccooverereiienenieesee e 49
3.4.3 Topography and Three Dimensional Structure from Lidar .............ccccooveviiiiciiecnnnenn, 50
3. 4.4 PIOtS VS LANUSCAPE ...eeveeneiiiieitieiie e siee ettt ettt et sttt esbeebeeneesbeenne e 51
3.4.5 Modeling Diversity and Species RICHNESS ..........cccoiiiiiiiieiiiiee e 52
3.4.6 FULUIE RESEAICH ... e 53
3.5 CONCIUSIONS ...ttt ettt ettt et e e se e s b e e be e st e sbeenbesneenreas 54

vii



3.6 Supplementary MaterialS: .........cccoiiiiiiieieiie e re e nres 56

Supplementary EQUAtIONS S1 & S2 ......cccoeiieiiiie e 56
3.7 Chapter 3 RETEIENCES ....ooivieieiie ettt e sra et neesreenteenaenneas 57
CHAPTER 4: Wood Density along an Elevational Gradient in a Neotropical Forest in
(@0 LSy r= ] or- U PR PP SRR 63
AADSTTACT ...t bbb bbbt ean 63
g I Lo oo [0 Tox 1 o o ISR 64
Y/ =] 1 To o KPS R TSR 66
4.2 1 STUAY ATBA ...ttt et bbbt b ettt b et b et 67
4.2.2 Field data and laboratory MeasuremMeNtS..........cceovereriererinesieieeie et 67
4.2.3 StANG-1EVEl AVETAGES. .....cuiiiiiieiiee e 69
4.2.4 INTraSPECITIC TEST ..ot bbb 69
4.2.5 Testing Sampling METhOOS ..........ooviiiiii s 70
N (=TS | SRS 71
4.3.1 Changes in wood density based on field measurements ..........cccceeevverienieneeresennennn 71
4.3.2 Comparison of species wood densities to database values ............ccoccvvveiieiveieciennenn, 72
4.3.3 Wood density relationship with elevation..............ccccoeiieiiiicie s 73
4.3.4 INtrasPECITIC TEST .....viiieiee et nra s 76
4.3.5 SAMPING MENOUS........oiiiiecic e et reeae e are s 78
I T N o1 1 3] o] SO RUPPRRPRR 79
A4 UNCEITAINTIES ...eevveieieseieie ettt e et e st be et be b e reeneeneens 82
O 141 o] L Tor= 14 o] OSSPSR ROR 83
R Of0] [0 1] o] PR TURRPRR 84
4.6 Supplementary MaterialS..........cccocvviiiiiiiicie et 85
Supplementary FIQUIE ST A-C.....oooiiiee ettt 85
Supplementary EQUAtioNS 3 aNd 4.........c.ooviiieiie e 86
4.7 Chapter 4 RETEIBNCES. .......i ittt ettt e e e sre e e sre e re e 87
CHAPTER 5: Costa Rican Forest Patterns and Trends: Forest loss, landscape
heterogeneity and fires in the 215 century using remote sensing (2000 to 2016) ................... 90
N 01 1 - Uod ST 90
T8 A [ 0o 1 od 1 o] PSSR 91
5.2 Study Site, Data, and MethOdS ..........cccueiiiiiiie e 94
5.2.1 StUdy Site: COSTA RICA ....veiveeiieiiiieiie sttt bbb 94
5.2.2 FOIESE COVEIAQR ...ttt ettt b bbbt nb e b ne e 96
5.2.3 Shapefiles: Administrative borders and protected areas ..........ccccocevererinieniniieiinnnn, 96
5.2.4 Topography and CHMALE ...........coeiiiiiiiieieeee e 97
5.2.5 POPUIALION ....vii bbb bbbttt 97
5,28 FITS ..ot E ettt b e bt nbe et ne e be b ens 98
5.2.7 DAt@ ANAIYSIS ...t bbb ae e 98
5.3 RESUITS ...ttt bttt R bbb bt beene e beebeeneenre s 99
5.3.1 Topography and CHMALE ........cccoiriiiieiiiie et 99
5.3.2 FOrest CoVErage and LOSS........ccuuuiiiriieieneesieeie e steeeesieestestessessbeeseesseesseesesneenneas 100
Regional Forest Coverage and FOreSt LOSS_ .....c.ccveiieieiieneniesiie et 100

viii



Protected Areas- Change in forest cover by JUCN Categories.........ccccovvevveresvesinennenne 103

5.3.3 Normalized Difference Vegetation Index (NDVI) ......ccccocvvviiiiiicii i 106
5.3.4 POPUIALION ...ttt te et et e s ta e e re e beebeaneenne s 109
ST TSI =L PSPPSRSO 112

5.4 DISCUSSION ...ttt ittt ettt sttt be bt b e b e s et et b s bt bt b e e st e se e e e b e b e sttt e e bt ebeeneene e 116
5.4.1 Forest cover change in Costa Rica, Provinces, and Protected Areas .............cc.coe.... 116
5.4.2 Changes in NDVI in Costa Rica and Protected Areas...........cccooereneneniennnienieeinennns 118
5.4.3 Population in Costa Rica and ProteCted Areas...........ccovvverreerienieniienieseenieenie e 120
5.4.4 Fires in Costa Rica and ProteCted Areas.........ccccvieeiieriesieeneenie e seesie e sie e 122
5.4.5 P0OSSIDIE SOUICES O BITON .....viiiieiicie ettt neenne s 125

ST T 0] 0 Tod 11157 o] ST USRSR 126
5.6 Supplementary IMaterialS. ..o s 129
SUPPIEMENTAIY FIQUIE S2.....eiiiiiieeese e 129
Supplementary TableS S1 & S2.......ccoiiiiiiiiiie e 130

5.6 Chapter 5 RETEIENCES. .....ccueiieiiiieieies et 131
CHAPTER 6: CONCIUSIONS .....eoiiiiiiieieeie sttt sae e steeneesneesseeneesneenreeneennes 135
6.1 Rationale for these types Of STUAIES ........c.ccveiiiieiice e 135
6.2 RECAP OF FESUILS ...t e e e ete e e reene e 136
8.3 FULUIE WOTK ...ttt bbbttt bbbttt e e ne e 140
6.4 Chapter 6 RETEIENCES ......ocveeiecie et e ste e reenre e 142
N o] 0 =T o [5Gt TSRO RRTOR 143
RETEIEINCES ...ttt bt ettt b e e bt et st b e b e nreas 151



LIST OF FIGURES

T T L= SRRSO 36
Map of Braulio Carrillo National Park using Landsat 8 data collected 26 January 2017, with
20 1-ha plot locations/Braulio Carrillo National Park (black outline) and La Selva Biological
Station (white outline). Inset shows location of BCNP in the country of Costa Rica. Plots used
in analysis are in Red (TEAM) and Green (Carbono), red circles are around TEAM elevation
transect plots. B is a Digital Elevation Model (DEM) from the Shuttle Radar Topography
Mission (SRTM).

FIQUIE 2 et h ettt st e be e st e Rt e e Rt e bt e Rt e e R e et e e Rt e nheeteene e reente e 40

Species richness and Shannon Diversity Index along an elevation gradient in Costa Rica. The
inset shows the variations of diversity across lowland sites where more plots were available
for this study. Similar variability may exist in higher elevations but no additional replicates of
plots were available to verify.

T8 T TP TSP TP P URURURPRPRPPRPPR 42

Stem density and Shannon Diversity Index from field data along the elevation gradient. The
inset shows the variations of the diversity and stem numbers across lowland sites where more
plots were available for this study. Similar variability may exist in higher elevations but no
additional replicates of plots were available to verify.

FIQUIE 4 ettt bbbt bbbt b et e b et b e bbbt e e e 43

Multiple diversity metrics within plots versus lidar-derived relative height metrics (A) Species
richness: r? for rh100, rh75, rh50, and rh25: 0.55 0.56, 0.55, 0.50 respectively; (B) Shannon
diversity index: r? for rh100, rh75, rh50, and rh25: 0.41, 0.40, 0.34, 0.26 respectively.

FIQUIE 5 ettt bbbt bt b e bRt b e bbbt bbb e 46
Map of predicted Shannon Diversity.
TGS RTOP 47

Plot-level and landscape-level mean lidar-derived relative height (rh) metrics across the
elevational gradient (A). Red/orange shades are at the plot-level, green shades are the
landscape patterns. Standard deviations of lidar-derived relative height (rh) metrics across the
elevational gradients (B) Plot-level; (C) and landscape-level mean.

FIQUIE 7 ettt b bbbt b bt bt et e b et bbbttt n e 48

Simple beta diversity metric of shared species between sites based on elevation difference
between the two sites. Jaccard and Sorensen indices showed same pattern, as did geographic
distance instead of elevation difference.

o UL TN TSR PPPP 72
Measured species wood density (g/cm?) at nine sites across an elevational gradient.

T T L= SRS 73
Selected highland species with database values outlined in red box.

T T L= 0 O SRR 75



Wood density values across an elevational gradient for measured species, 0.6 baseline, and
database values for cored species only.

T T L= SRS 75

Pattern of wood density from both measured species and database values along the elevational
gradient for all (A) all life forms and (B) trees only. The bars were the 95% confidence
intervals when assessing bootstrapping subplot averages. Figure 15 shows the distribution of
the different life forms.=

T T L= SRR 77

A) Number of Pentaclethra macroloba individuals sampled below 100m elevation during
December 2016, based on five DBH classes: 10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm, and
>70 cm. B) The number of individuals across all 20 1-ha plots, showing similar distribution of
tree sizes.

T T L= SRR 77

Pattern of wood density for Pentaclethra macroloba individuals, separated by inside and
outside WD, and across the five DBH classes: 10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm, and
>70 cm.

T T L= USSP 78

Sampling test for how many individuals are needed to be sampled to acquire an accurate
stand-level average wood density for precise above ground biomass estimates.

T T L= L PSSRSO 79
Life forms across elevations.
FIQUIE LB ...tttk b bbbttt b e bbb 95

SRTM elevation over the country of Costa Rica. A has protected areas overlaid and B has
provinces overlaid.

FIQUIE L7 oottt et a e b e e e e st e s ae e beeaeesbe et e e aeesbeeteaneeeteenteeneenreas 101

Forest Cover percentage in 2000, with darker green being more forested and browns less
forest cover. Figure B shows the percentage coverage by province. Figure C shows the layout
of the provinces.

FIQUIE L8 ..ot b b bbbt bt b et e b bbb bbbt 102

Province level forest change. A is forest gain as a percentage of the total area of the province.
B is forest loss as a percentage of the total area of the province.

FIQUIE 1O et b b bbbt bbbt bbb bbbt e 103

Forest loss from 2000-2016, colored by year. Annual pattern of forest area loss is in B. C and
D are subsets of the larger image, with A having more deforestation during the first half of the
time range, and B having more change towards the second half of the time range.

T T L= SRS 104

Protected areas analyzed by IUCN categories (NA is Not Applicable and NR is Not Reported).
A is Forest cover percent- error bars are one standard deviation. B is percentage of forest gain
in relation to the total area of that category, and C is a similarly calculated percentage for

Xi



forest loss. For B and C, the main bar graph is the percentage, while the insets are for the area
of gain or loss in km?. Please note the difference in Y-axis range for B and C, there was much
more forest loss than gain across the protected areas over this 16-year period. See Table 10 for
the meaning of the IUCN categories.

FIQUIE 21 ... oottt et s et e e e Rt esae e te e Rt e e be e teaneenreeteaneenreeaeeneenreas 107

Normalized Difference Vegetation Index (NDVI) over the country. A was from 2000 data, B
was calculated from 2016 data. C and D are the NDVI change over the period, a positive
number or red color indicates an increase in greenness in that pixel, while a negative number
of blue color indicates loss of greenness. D is a subset of C, focusing in on Braulio Carrillo
National Park.

FIQUIE 22 ..t bbb bbbt bbbt bbb bbbt 108

Normalized Difference Vegetation Index (NDV1) over the country. A has the provinces sorted
by how much change in NDVI occurred. B and C compare the NDVI from 2000 to 2016, with
B occurring at the province level and C at the protected area level.

L0 TU L =T SRRSO 110

2016 population from LandScan data. The darker the orange, the higher the population per
pixel. B categorizes the population numbers by province, while C analyzes the protected areas
in terms of their IUCN category.

FIQUIE 24 ..ot b b bbbttt b e bbbttt 111

Population change 2000-2016. A looks across provinces, B looks across IUCN Category of
the Protected Areas, and C looks at the distribution of the PAs.

FIQUIE 25 ..ottt e st e b et e e a e e b e e teeae e e be e beeae e aeenteene e aeenreeneenreas 113

Fires from A) MODIS FIRMS (2000-2016) and B) VIIRS database from (2012-2016), colored
by year or categorized by a range of years. Color underlay is topography derived from SRTM
displayed in Figure 16. Graphs of the number of fires from MODIS at the province level is in C
and IUCN Category of protected areas in D.

FIQUIE 26 ...ttt ettt et e s e b et e e a e e ae et e e Rt e e be et e e ae e e aeeneeene e teenreeneenreas 115

Annual Pattern of Fires. A compares MODIS fire counts (2000-2016) to VIIRS fire counts
(2012-2016). B compares Annual MODIS-sensed fire to area lost annually across the whole
country. C shows the direct negative relationship between fire frequency and area lost
annually within the country, with an r 2 of 0.251.

FIQUIE 27 ettt bbb bbbt b et et bbb bbbt 124

Further Population Analysis. A and B are at the province level, C and D is for Protected Areas.
A utilizes the mean pixel value for population over the entirety of the province, with an r? of
0.362. B utilizes the total population compared to the maximum elevation of the province,
with an r 2 of 0.237. C looks at population within PAs based on the maximum elevation in the
PA with an r2 of 0.158, and D looks at the PA level for population based on area of the PA,
with an r 2 of 0.437.

T T =2 SRS PRSS 125

xii



Distribution of protected areas (PAs). A utilizes the max elevation of the PA and looks at the
count of PAs across elevation, while B separates the PAs into classes based on their maximum
elevation and plots the minimum size of the PA.

SUPPIEMENTANY FIGUIE S ..ottt st et sre e sbeenbeeneenreas 85

Variations in wood density measurements. A is the coefficient of variation of WD for each
species combined from the different elevational plots. B is the coefficient of variation of WD
for each species at each elevational site. C shows the count of measured individuals of each
species across elevations

SUPPIEMENTANY FIGUIE S2 ..ottt sttt e e reeae s e neenne e 129

Comparison of province-level forest cover from 2000 to Sanchez-Azofeifa et al., (2001) forest
cover in 1991.

Xiii



LIST OF TABLES

TADIE L. b et bbb 41
Data from 20 1-ha plots along an elevational gradient in Costa Rica. The relative height (rh),
slope, and aspect (cosine) were derived from lidar.

DI .ot e e e ————t e e e e e e e e ————————aaaaa— 44

Pearson correlation between two metrics of diversity (species richness and Shannon index)
and field and lidar-derived data. * = P < 0.05, ** = P < 0.01.
L= Lo [= T PR UR PRSP 44

Data from 20 1 Best subsets of lidar-derived predictors to model species richness along with
the r? value and BIC of each model. The model with the optimal number of predictors for each
response variable is bolded. Elevation = Elev., rh = relative height, SD = standard deviation.

TABIE 4.ttt et et et e e e e ee——teae————————_————————————————————————————————————————————————— 44

Best subsets of lidar-derived predictors to model Shannon diversity index along with the R-
squared value and BIC of each model. The model with the optimal number of predictors for
each response variable is bolded. Elevation = Elev., rh = relative height, SD = standard
deviation.

T AL Bttt et et et et e ee et et eaeaeeeaeaee——et_——t————————————————————————————————————————————————— 45

Five-fold coefficient of variation (CV) estimates of Mean Square Error (MSE) for Multiple
Linear Regression (MLR) subset selection and ridge regression models.

T ABIE Bttt et et e et et e e et et e ee e e e et eeeeeeeeet et e—e———a—————————————————————————————————————————— 74

Analysis of mean and standard deviation (SD) of wood density from tree cores compared to
Global Wood Density Database (GWDDB). Green means the database (DB) value falls within
1 SD of our values, yellow the DB falls between 1 and 2 SD, red the DB is more than 2 SDs
from our measured mean for the species.

T AL 7 oottt ettt ettt et et et et e ee e et e e e e e e aeeeeaaeeaeeeeaearer—,——————————————————————————————————————————— 75

The percentages of each species that are found to be significant for each level of significance,
and for both types of wood density database values.

Costa Rica Province forest data: topography, NDVI in 2000 and 2016, 2000 Forest cover
percentage, and forest gain and loss over 2000-2016 in km?and in percentage of total province.
land-area. To see the breakdown at the PA level, please see Appendix 1.

TABIE .ttt ettt ettt ettt ettt et et ete—————————————————————————————————————————— 101

Entire country of Costa Rica versus just Protected Areas: NDVI in 2000 and 2016, 2000
Forest cover percentage and standard deviation.

JLIE= L] L0 O PSRRI 105
Protected areas by IUCN Category: Forest gain, loss, and 2000 coverage percentage.

Xiv



TADIE L1t 114

Fire count by country, protected areas all together, and provinces. To see the breakdown at the
PA level, please see Appendix 1.
TADIE L2, et bbb bt 114

Country level annual forest change and fire count since 2001 from MODIS. Utilized in Figure
25.1
Supplementary TabIe S1 ... e 130

Number of species sampled at each elevation site for wood density.
SupplemMeNntary TaDIE S2 ... 130

Number of individuals sampled at each elevation site for wood density.
APPENAIX L.ttt bbbt bbbt 143
Extracted information for 177 protected areas.

XV



ACRONYMS USED
AGB - Aboveground Biomass
BCNP - Braulio Carrillo National Park
CR - Costa Rica
DBH — Diameter at Breast Height
DEM - Digital Elevation Model
EAGB - Estimated Aboveground Biomass
FCPF - Forest Carbon Partnership Facility
FONAFIFO - National Forest Financing Fund (1996 Forestry Law)
IUCN - International Union for the Conservation of Nature
LSBS - La Selva Biological Station
LVIS - NASA’s Land, Vegetation, and Ice Sensor (lidar)
MODIS - Moderate Resolution Imaging Spectrometer
NDVI - Normalized Difference Vegetation Index
PA(s) - Protected Area(s)
PPSA - Costa Rica’s Payment for Ecosystem Services Programme
TEAM Network - Tropical Ecology Assessment & Monitoring Network
UAVSAR - Unmanned Aerial Vehicle Synthetic Aperture
UN -REDD+ - United Nations Reducing Emissions from Deforestation and Degradation
WD - Wood Density

XVi



ACKNOWLEDGEMENTS
Funding for much of the field work was provided by grants of Sassan Saatchi, the UCLA

Geography Department, the UCLA Institute of the Environment and Sustainability, and the
UCLA Latin American Institute. Much of the initial forest inventory data was provided by the
TEAM Network, a collaboration between Conservation International, the Missouri Botanical
Garden, the Smithsonian Institution, and the Wildlife Conservation Society, a joint NASA-
Organization for Tropical Studies (OTS) project, and partially funded by these institutions, the
Gordon and Betty Moore Foundation, and other donors. Forest inventory plots research at La
Selva was also supported by the NSF LTREB program, most recently by NSF 1357177 to D.B.
Clark (PI, Co-PlIs D.A. Clark and J.R. Kellner).

| thank the staff of the La Selva Biological Station for logistic support and the National
Park Service and the National Ministry of the Environment for permission to conduct this
research. Thanks to David Clark, Johanna Hurtado Astaiza and the key contributions of the
TEAM and NASA parabiologists, including Marcos Molina, Gilbert Hurtado, Juan Gabriel
Huertas Reyes, and Wagner Corella, who conducted field surveys under challenging conditions,
and aided with my own collections. | thank the staff of the La Selva Biological Station for
logistic support and the National Park Service and the National Ministry of the Environment for
permission to conduct this research. Many thanks to the UCLA Geography Department for their
continued support over so many years, particularly the hard work of Kasi McMurray.

Chapter 3 has been published in MDPI’s Remote Sensing special issue: “Remote Sensing
of Tropical Forest Diversity,” so I would also like to thank the editors and reviewers of the

manuscript.

XVii



VITA

2009 B.A. Geography/ Environmental Studies
Conservation Biology Minor
Departmental Highest Honors
University of California, Los Angeles

2012 M.A. Geography
University of California, Los Angeles

2011-2018 Teaching Assistant/ Associate/ Fellow
Department of Geography
University of California, Los Angeles

2016 Advanced to Ph.D. Candidacy
University of California, Los Angeles

PUBLICATIONS

Robinson, Chelsea, Sassan Saatchi, Maxim Neumann, and Thomas Gillespie. 2013. "Impacts of
spatial variability on aboveground biomass estimation from L-band radar in a temperate
forest." Remote Sensing 5 (3):1001-1023.

Meyer, Victoria, Sassan S Saatchi, Jerome Chave, James W Dalling, Stephanie A Bohlman,
Geoffrey A Fricker, Chelsea Robinson, Maxim Neumann, and Stephen P Hubbell. 2013.
"Detecting tropical forest biomass dynamics from repeated airborne lidar measurements."
Biogeosciences 10 (8):5421-5438.

Gillespie, Thomas W, Geoffrey A Fricker, Chelsea Robinson, and Duccio Rocchini. 2015.
"Biodiversity of the world: a study from space."” In Remote Sensing Handbook, 485-498.
Taylor and Francis.

Robinson, Chelsea, Sassan Saatchi, David Clark, Johanna Hurtado Astaiza, Anna Hubel, and
Thomas Gillespie. 2018. "Topography and Three-Dimensional Structure Can Estimate
Tree Diversity along a Tropical Elevational Gradient in Costa Rica." Remote Sensing 10
(4):629.

xviii



Chapter 1. Introduction
1.1 Background

Forests cover roughly 31% of the world’s land surface, and are estimated to store 48% of
the world’s terrestrial carbon, although these are conservative estimates (Dixon et al. 1994,
Fagan and DeFries 2009, FAO 2010, Groombridge, Jenkins, and Jenkins 2002). In the first
decade of this century, 2000-2010, the global net forest loss was about 5.2 million hectares per
year (Fagan and DeFries 2009, FAO 2010). Forests are important members of the carbon cycle,
as they help to sequester carbon from the atmosphere through photosynthesis and the removal of
forests as a result of land cover conversion releases carbon to the atmosphere. Forest loss is
estimated to account for roughly 12-20% of global greenhouse gas emissions, mainly through
deforestation and degradation of tropical forests (Saatchi, Harris, et al. 2011, Sandbrook et al.
2010, Van der Werf et al. 2009). Each year the world has less forested area, and the forests that
remain are of lower quality. For example, the replacement of natural old-growth forests with a
monoculture of an exotic species greatly reduces biodiversity (Groombridge, Jenkins, and
Jenkins 2002). The storage of carbon in terrestrial systems is a large portion of the global carbon
budget that is hard to quantify but very important (Fagan and DeFries 2009, Solomon 2007).
Developing accurate estimates of global forest extent and growth is imperative in order to assess
the amount of biomass and carbon stored in the forests of Earth and long-term global health. This
deforestation is uneven around the world, and standardized methodology is necessary to monitor
exactly how the forests are changing, both regionally and globally. In addition, the study of
biomass and carbon sequestration has become increasingly important in the current era of
projected climate change scenarios. However, there are still widespread uncertainties in

measurements of forests that have limited efforts to obtain this seemingly simple dataset (Fagan



and DeFries 2009, Grainger 2008, Houghton 2003, Yackulic et al. 2011). Current technologies
utilizing spaceborne or airborne remotely sensed imagery could be very useful to study terrestrial
processes and allow for better monitoring of forest stocks.

There has been extensive research on latitudinal patterns of biodiversity, but better
understanding of drivers of biodiversity can be achieved through increasing attention to patterns
of elevational gradients (e.g. mountainous regions). Montane environments provide ideal cases to
study drivers of plant diversity due to variation in abiotic factors. Understanding the principal
drivers that result in patterns of tree diversity with elevation changes can aid in conservation
plans for both flora and fauna because the heterogeneity of vegetation types affects how other
organisms are distributed in space.

This dissertation examines aspects of forests that can be assessed and monitored using
remote sensing, including tree diversity, carbon storage, fire occurrence, and human population
as well as the effect of protected areas on forest extent across the county of Costa Rica. In this
dissertation, field survey data on forests and wood density were related to airborne and
spaceborne imagery over Costa Rica. In order to fully discuss the results, we need to discuss the

background for assessing diversity, wood density, biomass, and remote sensing.

1.1.1 Diversity

Biodiversity is the number, variety, and variability of organisms within an area, while
biogeography is the study of the distribution of life - how organisms are positioned in space
across the globe (Kreft and Jetz 2007, MacArthur 1965, MacDonald 2003, Magurran and McGill
2011). Both biodiversity and biogeography of all taxa are results of abiotic and physical
characteristics on earth. Vegetation distributions are driven largely by abiotic factors that limit

species to distinct ranges at which they can survive. The diversity of fauna is inherently



dependent on the diversity and distribution of vegetation, as areas with greater habitat
complexity can support more niches for fauna (MacDonald 2003, Willig, Kaufman, and Stevens
2003). These areas of greater habitat complexity and more niche availability may also contain
more faunal diversity and these areas can be identified as priority areas for conservation efforts
(Aynekulu et al. 2012).

The two main types of diversity that are often discussed are alpha and beta diversity.
Alpha diversity is a simple definition of the richness in species numbers, essentially the total
numbers of species of a certain taxa within a set unit area (Whittaker 1972). Alpha diversity may
refer to the simple count of different species (or genera, or family) within an area, or it may be
calculated as an index, which takes into account the evenness, or relative species’ abundances
within each site. Beta diversity is a metric that is used to define the difference or similarity in
species composition between two sites. If the assemblages are similar then the sites have low
beta diversity, but if the two sites have few species in common, then they would be said to have
high beta diversity. There are various ways to report both of these diversity parameters. Alpha
diversity indices include species richness, the Shannon-Weaver Index, Fisher’s alpha, among
others. Beta diversity can also be calculated by different methods. The simplest version of beta
diversity is simply the shared taxa between two sites, usually species. There are also several
indices that can be calculated for beta diversity, including the Jaccard and Sorensen indices. All
of these beta diversity indices represent how similar or different two sites are. If the sites share
very few species in common, then they are said to have high beta diversity. If the sites are very
similar in species composition, then there are

There are two primary local factors that can be used to predict tree diversity: stem density

and area. In general, sites with higher numbers of individuals per unit area, e.g. higher stem



density, tend to have more species (Bhattarai and Vetaas 2006, Carpenter 2005, Condit et al.
1996, Gentry 1988, Giriraj, Murthy, and Ramesh 2008, Givnish 1999, Gotelli and Colwell 2001,
Lieberman et al. 1996b, Lomolino 2001, Unger, Homeier, and Leuschner 2013). There are
latitudinal differences in forest structure, as tropical forests at low latitudes tend to be much
denser than temperate forests, which is important because areas with higher numbers of
individuals per the same unit area may have more species (Bhattarai and Vetaas 2006, Carpenter
2005, Gentry 1988, Givnish 1999, Lieberman et al. 1996b, Lomolino 2001).

The relationship between area and diversity is one of the most fundamental laws in
ecology and is formally recognized as the Species-Area relationship (Condit et al. 1996, Giriraj,
Murthy, and Ramesh 2008, Hutchinson 1953, Levin 1992, Rahbek 2005, Rosenzweig 1992,
Whittaker 1972, Wiens 1989, Willig, Kaufman, and Stevens 2003) The Species-Area
relationship predicts that as the sampling area gets larger, there will be more species present up
until some threshold. Due to simple geometry, the Species-Area relationship can be applied to
both latitudinal and elevational patterns of biodiversity.

Diversity along elevational gradients was initially believed to decline linearly from the
warmer lowlands to the cooler highlands, analogous to patterns exhibited by increasing latitude
(MacArthur 1972, Nogues-Bravo et al. 2008, Rahbek 1995, Rohde 1992). However, recent
studies that examine the full extent of elevational gradients show a clear humped pattern,
characterized by a mid-elevation diversity peak (Acharya, Chettri, and Vijayan 2011, Aynekulu
et al. 2012, Bhattarai and Vetaas 2006, Carpenter 2005, Feeley et al. 2013, Nogues-Bravo et al.
2008, Vazquez and Givnish 1998, Wolf and Alejandro 2003). In both cases, the highest part of
the elevational gradient is species poor compared to lower areas, but the overall reported pattern

in the intermediate elevation region varies. Recent research has both confirmed these varied



relationships and has provided conflicting results, without fully resolving the underlying drivers
for higher diversity. However, it seems like when the full elevational extent is sampled
systematically, the unimodal form with a mid-elevation peak of diversity seems to be the most
prevalent pattern in the literature. Extensive literature on biodiversity patterns across
geographical gradients has attributed the drivers for these diversity patterns to climate, area,
availability of unique niches, range size, and as a simple consequence of a bounded gradient.
These biological and theoretical hypotheses of the drivers of biodiversity can be tested on
montane forests at the landscape scale. Montane and premontane forests are important areas for
biodiversity and ecosystem services across various continents, and are thought to represent
greater than 10% of tropical forest cover globally (Churchill et al. 1995, Doumenge et al. 1995,
La Torre-Cuadros, Herrando-Perez, and Young 2007, Stadtmdiller 1987). Due to adiabatic
cooling rates, there are calculable effects on temperature with elevation change, resulting in
predictable abiotic changes. This allows for montane forests to act as in-situ laboratories for the
testing of climate-change scenarios particularly systematic analysis of species turnover and
patterns in species richness. Utilizing tree survey data along the BCNP montane gradient, | will
determine if this montane forest has either a monotonic decrease or a unimodal mid-elevation
peak of species diversity.
1.1.2 Wood Density

Wood density is a central variable in carbon calculations, and it correlates well with
many morphological, mechanical, physiological, and ecological properties (Chave et al. 2006Db).
Wood specific gravity is also a convenient indicator of life history strategy in trees and one with
direct importance for ecosystem studies, as quicker growing pioneer species have less dense

wood as compared to slower-growing heartier later successional species (Chave et al. 2006b).



These varying life histories have an impact on how energy and carbon is allocated for the growth
of the plant, either for quick growth and reproduction, or slower growing and better able to
withstand environmental hazards (Chave et al. 2006b, Niklas 1992, Tilman 1988, Wright et al.
2003). High disturbance rates and high turnover rates are expected to favor faster-growing
species, which are often the pioneer, early successional species (Connell 1978, Huston 1979,
Muller-Landau 2004). The distribution of tree life history strategies in general and of wood
specific gravities in particular within a tropical tree community is theoretically expected to vary
among sites depending on disturbance regime, climate, and soil fertility.

The term “wood density” is derived from measurements of wood specific gravity, which
is measured as oven-dry mass divided by fresh green volume, a unit-less quotient but in parallel
Sl units is often reported as wood density, with g/cm?® (Brown 1997, Lawton 1984, Muller-
Landau 2004, Reyes et al. 1992, Turner 2001). These characteristics can be measured using
calipers or a water displacement method. Wood density is highly correlated with the density of
carbon per unit volume and is thus useful as a proxy to estimate ecosystem carbon storage
(Brown 1997, Fearnside 1997, Muller-Landau 2004, Nelson et al. 1999). As mentioned
previously in this section, wood density is positively associated with successional stage of the
plant, like the fast growing pioneer species with low wood density, which have low construction
costs (Chave et al. 2006b, Favrichon 1994, Suzuki 1999). This is in contrast to plants with higher
wood density, which tend to be slow-growing, long-lived, climax species. Higher wood density
is thought to allow for a heartier individual and increased chance of survival against physical
damage. At the stand level, wood density can vary depending on disturbance history due to the
differences among life history, as discussed above. High disturbance rates and high turnover

rates are expected to favor faster-growing species (Connell 1978, Huston 1979, Muller-Landau



2004). In the literature, mean wood density often differs inversely with soil fertility but
independently of rainfall, seasonality, and temperature, as various patterns have been seen across
different species and different sites.

Wood density is an important parameter for estimating aboveground biomass (AGB) and
thus can be used as a proxy for the ecosystem service of carbon sequestration. Estimates of
aboveground biomass are important in order to measure carbon storage at local, regional, and
global scales. Using previously developed allometric equations, AGB can be estimated relatively
simply at the individual tree level then summed to the hectare level with in-situ field data.
However, utilizing these allometric equations places a lot of importance on the wood density, see
below equation from Chave et al., 2005. Because of this, the more accurate we have the wood
density values the more accurate the initial calculation of plot biomass and the scaling up will be

for the region that is extrapolated from the plots.

Chave (2005) equations for wet forest stands, depending on availability of tree height.

With height:  AGB,s = exp(—2.557 + 0.940 x In(pD? H)) OR 0.0776 X (pD?* H)%9*°
Without height: AGB,s = p x exp(—1.239 + 1.9801In(D) + 0.207(In(D))? — 0.0281(In(D))?)

AGB,.= Aboveground Biomass Estimate

p = Wood Density

D = Tree Diameter at Breast Height (DBH)

H = Tree Height

From this equation, it is clear that WD, p, has a large impact on the calculation of EAGB for a
single individual, and these discrepancies can result in overestimation or underestimation of
AGB for the individual, and exacerbated when scaled up to the plot level and higher. Because of

this, having good quality wood density data on different species or on the same species under

different conditions. My project will seek to compare these patterns found in Braulio Carrillo to



database values. My collaborators at the Tropical Ecology Assessment and Monitoring network
(TEAM), a global network, have set up the survey plots along the elevational gradient within the
BCNP that I have used in my project (http://www.teamnetwork.org/ 2015). For their carbon
calculations, they utilize a single wood density value across all species of 0.60 g/cm®. My
collection of wood density along the gradient will help to see effect of elevation on carbon
sequestration capabilities, both intraspecific and interspecific, to make estimates of AGB more

accurate.

1.1.2 Biomass

Currently, forest volume, biomass, and total carbon storage can only be conservatively
estimated and the accuracy varies widely depending on the methodology (Fagan and DeFries
2009, Saatchi, Marlier, et al. 2011). In order to truly measure aboveground biomass (AGB), all
trees within a region would need to be cut and weighed, then dried and reweighed. To alleviate
the destructive sampling necessary, allometric equations have been developed, relating tree
diameter at breast height (DBH), tree height, and wood density to an estimated AGB. Using
previously developed allometric equations, AGB can be estimated relatively simply at the
hectare level with in-situ field data. However, utilizing these allometric equations places a lot of
importance on the wood density, as described in the above section Wood Density. Developing
accurate estimates of global forest extent and growth is imperative in order to assess the amount
of biomass and carbon stored in the forests of Earth and long-term global health. In addition, the
study of biomass and carbon sequestration has become increasingly important in the current era
of projected climate change scenarios, as the storage of carbon in terrestrial systems is a large
portion of the global carbon (Fagan and DeFries 2009, Kuper 2013, Solomon 2007). However,

there are still widespread uncertainties in measurements of forests that have limited efforts to



obtain this seemingly simple dataset (Fagan and DeFries 2009, Grainger 2008, Houghton 2003).
Forests are changing unevenly worldwide, and standardized methodology is necessary to monitor
exactly how the forests are changing, both regionally and globally. Current technologies utilizing
spaceborne or airborne remotely sensed imagery could be very useful to study terrestrial
processes and allow for better monitoring of forest stocks.

Utilizing remotely sensed imagery, the estimated AGB values within these plots can be
extrapolated to larger areas, quickly developing larger-scale maps than feasible through solely
ground collection alone. Typically, active remote sensors equipped with radar and lidar
technology have the most sensitivity to biomass changes by collecting data on the surface
roughness and landscape heterogeneity, both horizontally and vertically. A significant constraint
in identifying forests with different conditions is the capacity to map them from space (Achard et
al. 2007, Achard et al. 2008, Asner et al. 2012b). Current technologies utilizing remotely sensed
satellite imagery could be very useful to study terrestrial processes and allow for better

monitoring of forest stocks.

1.1.3 Remote Sensing

Remote sensing allows for the study of objects without direct contact, typically through
the use of satellite imagery. Because of this, it can allow for broad mapping of forest extent,
diversity, and ecological processes at a large scale more quickly than possible solely through
assessment on the ground. Ground measurements are expensive, laborious, and time consuming
as well as typically very limited spatially. Field collections have to be spatially limited due to
time constraints and labor input, and remote areas may be difficult to access and sample; using

imagery can allow for easier analysis of these areas without additional disturbance. Because of



this, remote sensing is a practical necessity to measure and monitor forests globally. Monitoring
forest biomass over regional and global scales is imperative with increasing concerns about
climate change, as more attention needs to be focused on accurately estimations of carbon fluxes.

One project that requires robust estimates of forest carbon stocks in various countries is
the United Nations Reducing Emissions from Deforestation and Degradation (UN-REDD). The
UN-REDD Program is an initiative to combat climate change, by assigning a monetary value to a
country’s carbon stocks. The scientific goals of the UN-REDD program specifically ask for
refinements in the remote sensing methodologies to estimate forest biomass over regional and
global scales. In recent years, the international community has recognized the loss of diversity as
a key threat to the sustainability of tropical ecosystems by impacting their ecological functions
and services. This recognition contributed to the international negotiations of UN-REDD by
adding biodiversity (REDD+) as an important component of mitigating climate change (Kuper
2013). A significant constraint in identifying forests with different conditions is the capacity to
map them from space (Achard et al. 2007, Giacomo et al. 2008, Asner et al. 2012a). This
dissertation will utilize airborne and spaceborne passive and active sensors to effectively monitor
aspects about the forests Costa Rica important to conservations, policy-makers, and ecologists.
The development of methods utilizing this type of technology allows for the mapping of

ecological features that were previously only feasible through ground collection.

1.2 Rationale for these types of studies

Within the large-scale patterns of biogeography along latitudinal stretches, smaller
regional-scale topographical changes along mountainous regions may cause high levels of
species heterogeneity and turnover of species assemblages. Montane forest is an ideal

environment on which to study drivers of patterns of diversity as well as potential consequences
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from climate change on vegetation. Montane forests have captivated researchers for centuries,
perhaps most notably Naturalist Alexander von Humboldt, who was one of the first to document
montane biogeography. Prior to his work, vegetation studies mainly focused on the individual
plant - chiefly taxonomic classification of organisms based on Carl Linnaeus’ method (Nicolson
1996). Humboldt progressively looked at vegetation at a larger ecological scale: how the
character, morphology, and distribution of flora relied on underlying environmental parameters.
Through the study of plant assemblages and the way in which climatic and topographical factors
influenced these assemblages, he became a pioneer of biogeography (Livingstone 1993,
MacDonald 2003). He noted shifts in plant assemblages and how species change with increasing
elevation, particularly along Ecuador’s Mount Chimborazo. While von Humboldt noted
altitudinal patterns in vegetation classes within elevation bands along montane gradients, the
mere count of different species in each elevation band is also an interesting topic, and von
Humboldt’s groundbreaking work undoubtedly paved the way for future biogeographers to study
plant distribution. Since his work in the early 1800s, there have been a number of montane
biodiversity studies attempting to determine the factors that drive high plant diversity. Reported
driving factors include climate, area, availability of unique niches, and range size, among others.
The abiotic variables of climate, namely temperature and precipitation are some of the simplest
to examine, since they can often be predicted relatively easily over the landscape. Temperature
of air parcels changes due to the adiabatic rate of cooling, which is variable in conjunction with
the level of moisture in the air, but is easy to calculate and predictably decreases with increasing

elevation.

The reliable temperature - elevation relationship and repeated surveys of the land may be

able to note shifts in species composition over the same area. Studies have found that some
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species are shifting upwards in elevation, presumably to stay within the same temperature range
(Bertrand et al. 2011, Borchert 1998, Brodie, Post, and Laurance 2012, Feeley et al. 2013, Lenoir
et al. 2010). This upwards shift of certain species could be analogous to the changes in
temperature induced by climate change, which could result in species shifting up to cooler
regions, either to higher latitudes or higher elevations. Although plant species are unable to alter
their ideal temperature range as rapidly as their environment is changing, they are able to shift
their range as a population, as certain individuals perish in the increasingly harsh environment
perish and some individuals flourish in the new climate. While one would assume an upward
plant population shift to cooler regions, it has also been suggested there might be a downslope
shift of species, as competition is less at the lower boundary of a species range (Lenoir et al.
2010). There are unknowns regarding how vegetation might be affected by climate change, but
acquiring more time-series data of vegetation surveys may allow for insight into various possible
future scenarios. Some studies have looked at past pattern shifts, but few have looked at present
day shifts (Feeley and Silman 2010, Feeley et al. 2011, Feeley et al. 2013). This is surprising that
more research has not yet been done, since roughly two-thirds of Earth’s flora are tropical plant,
and tropical genera are expected to be particularly sensitive to a changing climate due to
typically low climatic variability and increased niche specialization (Deutsch et al. 2008, Feeley
and Silman 2010, Ghalambor et al. 2006, Janzen 1967, McCain and Grytnes 2001, McCain
2009).

In addition to making predictions for climate change scenarios, the understanding of
spatial patterns of flora diversity and carbon storage can also allow for more precise plans for
targeted areas of priority for conservation areas within biodiversity hotspots (Aynekulu et al.

2012). Overall, the techniques of remote sensing can allow for standard and repeatable
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measurements over an area. The coupling of various remote sensing imagery and ground data
can allow for the emergence of spatial patterns of diversity and carbon sequestration, which have
implications for monitoring and management of health of ecosystems.

This dissertation addresses the question: How can field-based methods, remote sensing,
and geographic information systems (GIS), improve monitoring and conservation efforts in
Costa Rica? To answer this question, we assessed a single elevational gradient with high
resolution airborne imagery coupled with ground surveys and sampling and scaled up to the
country using spaceborne satellite imagery systems. First the airborne lidar data was related to
field based surveys on forest species composition and structure. Secondly, a field-based study on
wood density was performed to evaluate errors in wood density databases and subsequent carbon
sequestration. Finally, GIS and remote sensing layers were used to assess the changes over the
entirety of the country of Costa Rica from 2000-2016. The methodology and findings from this
dissertation will provide a framework for monitoring and measuring aspects about forests all

over the world.

1.3 Structure of the Dissertation

The scope of the proposed dissertation will cover six chapters across distinct but
interrelated topics along a montane gradient of elevation change, which seeks to improve the
existing methodologies and compare results to other datasets. Ideally, this research will be
applicable to other tropical environments with both field-collected tree inventory data and
appropriate remote sensing products. The first chapter introduces the importance of
understanding tropical forest diversity, biomass, and carbon dynamics, as well as specificity to

the country of Costa Rica. The second chapter outlines the specific study area covered in
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Chapters 3 and 4 within Costa Rica’s Braulio Carrillo National Park, which protects a large
elevational gradient, and the adjacent La Selva Biological Station. In addition, the study area
chapter also discusses the country of Costa Rica in general, specifically in terms of forest
policies and protection.

Chapter 3 proposes the use of airborne lidar to map tree diversity along an elevational
gradient in Braulio Carrillo National Park, Costa Rica. This chapter will map tree canopy height
over Braulio Carrillo National Park and La Selva Biological Station and estimate tree diversity
utilizing lidar technologies. Chapter 4 focuses on wood density changes along the same
elevational gradient, and how this affects biomass and carbon sequestration estimations. In this
chapter, I look at intraspecific changes in wood density with changes in elevation, as well as
examine changes in stand-level mean wood density along the same elevation gradient. This
research utilizes tree cores sample | collected over a period from 2013-2016 from 574 individual
trees from 29 unique species, at different elevation sites. Chapter 5 scales up to the country of
Costa Rica, looking at general forest loss and conversion within and outside of protected areas at
the 30 m scale. I analyzed this forest loss in conjunction with multiple remote sensing layers,
including Normalized Difference Vegetation Index (NDV1), fire data, and human population.
Chapter 6 concludes the dissertation with the general state of the forest in Costa Rica based on
the research from the preceding chapters and suggests possibilities for future research utilizing
new remote sensing and GIS technologies.

Chapter 3 utilized field inventory data coupled with large footprint (20 m) airborne lidar
data over plots over the BCNP elevational gradient in order to quantify variations in topography
and three-dimensional structure across plots and landscapes. A mid-elevation bulge in multiple

diversity indices was observed within the plots and landscape, which supports much of the
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literature, as discussed above. Species richness and diversity were negatively correlated with
elevation, while the two tallest relative height metrics (rh100, rh75) derived from lidar were both
significantly positively correlated with species richness and diversity. The best lidar-derived
topographical and three-dimensional forest structural models showed a strong relationship with
the Shannon diversity index (r?> = 0.941, p < 0.01), with ten predictors; conversely, the best
species richness model was weaker (r? = 0.599, p < 0.01), with two predictors.

Chapter 4 found that wood density databases tended to have inflated values of wood
density. The patterns of species wood density and aboveground biomass from field measured
(tree cores) and database wood density values were assessed to examine how wood density and
biomass are affected by changing elevations. At the species-level, individual tree species did not
exhibit significant changes in wood density along elevational gradients. At the stand-level, we
found wood density did not show a linear pattern with increasing elevations, but instead was
highest at both the lowest and highest elevations with a decline at mid-elevations. We found that
TEAM database values (0.60 g/cm?®) were significantly higher than field measured wood density
for 58% of the species sampled, and that and estimates from the Global Wood Density Database
had significantly higher wood density for 50% of the same species. If we expand to just within 1
standard deviation from the mean, TEAM values were significantly different then 80% of the
species, and 69% of the Global Wood Density Database. Separating the individuals by diameter
class and selecting 10% of each of the classes resulted in the best method (r? = 0.98) for
reasonably capturing stand-level wood density. Our results suggest that there are decreases in
wood density at mid-elevations and that we are currently overestimating carbon storage in
montane forests in the tropics. We also suggest a method to collect estimates of wood density for

plots and carbon storage in other tropical forests.
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Chapter 5 scaled up to the country of Costa Rica, looking at general forest loss and
conversion within and outside of protected areas at the 30 m scale. | analyzed this forest loss in
conjunction with multiple remote sensing layers, including a Landsat-based dataset on forest
coverage, Normalized Difference Vegetation Index (NDVI), fire data, and human population. In
addition, I compared IUCN categories of protected areas to the country as a whole and by
different provinces. This project had four different main findings.

Firstly, we found that deforestation has been occurring over the entirety of the country of
Costa Rica since 2000. There has been some gain across the country, but very limited when you
compare the gain and loss as percentages of the total land area. For protected areas, there has
also been predominantly loss over the time period, but less so than in non-protected regions.
Secondly, NDVI increased slightly over the time period of 2000-2016 for the entirety of the
country and within the protected areas when averaged together (0.573 to 0.5995). When the PA
change was analyzed individually using a paired t-test found a significant decrease of -0.0226,
with a t-value of -6.7415 (p < 0.001). At the province level, it was determined the provinces
decreased insignificantly by -0.0029. On average, some provinces increased in NDVI while other
decreased. The third research objective noted that population was centered in a few major cities,
specifically San Jose. The two provinces that were the most populous were San Jose and
Alajuela, and they also increased the most during this time period. The country as a whole
increased in population during this time, and all provinces showed an increase in population. For
humans living within protected areas, they were mostly found in JUCN category VI, which
signify “Protected Areas with sustainable use of natural resources,” which allows for the
conservation of habitats, along with associated cultural values and traditional natural resource

management systems,” so it is unsurprising that these are the protected areas with most human
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presence. In general, the PAs seem to have experienced a loss of human population during these
years, though it was found to be insignificant. The final research question of this chapter looked
at the pattern of fire across the country of Costa Rica. Fires during the 2000-2016 period were
mainly in the lowland coastal areas, and focused on the drier western portion of the country. The
incidence of fire was found to be negatively correlated with the forest area lost annually (r? =
0.25) there was less forest area lost in years with higher fire frequency. This correlation does not
imply causation and instead shows that the forest loss is more likely due to forest conversion
than fires. This chapter provided a good overview of the status of the Costa Rican forest from
2000-2016.

Chapter 6 concludes the dissertation with the general state of the forest in Costa Rica
based on the research from the preceding chapters and suggests possibilities for future research
utilizing new remote sensing and GIS technologies.

The scope of this Ph.D. dissertation spans a range of topics from field ecological
questions to extrapolation mapping and quantitative ecology. The topics covered are temporally
relevant and will directly address important goals outlined in UN-REDD+ scientific plans.
Developing an understanding of diversity and successional stages both within and outside of
protected areas may give us some insight on how to best manage tropical montane systems and

may aid in developing conservation priorities, particularly in the face of climate change.
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Chapter 2: Study Site- Costa Rica’s Braulio Carrillo National Park and La Selva Biological
Station
2.1 Study Site

The field component of this project was conducted in the northern central portion of
Costa Rica, in Braulio Carrillo National Park (BCNP) and La Selva Biological Station (LSBS).
Costa Rica’s location in Central America, with the ocean on two borders, and to Nicaragua and
Panama, has highly varied topography and geography, which has allowed for the evolution of
high levels of biodiversity: while Costa Rica encompasses only 0.03% of the terrestrial world, it
contains 4.8% of all described species (GOC 2009, Kuper 2013). BCNP is located on the
volcanic Cordillera Central mountain range in the Heredia Province between the capitol of San
José and Puerto Limdn on the Caribbean side of the country. LSBS is connected contiguously to
the extent of the BCNP at the northern end, in Puerto Viejo de Sarapiqui. The park extends from
~26 m above sea level up to ~2900m at the highest peak, in just 20 km
(http://www.teamnetwork.org/). It is the only such remaining intact transect in Central America,
and traverses several different ecoregions, from lowland tropical rainforest to cloud forests at
high elevations, each with their own plant assemblages. The BCNP is said to contain more than
6,000 species of plants, representing 50% of the total plant species in the country of Costa Rica
(http://www.teamnetwork.org/ 2015). This diverse plant life is able to support high levels of
faunal diversity. Unlike the Costa Rican parks more frequently travelled by tourists, like as Poas
Volcano National Park and Manuel Antonio National Park, BCNP is relatively unmaintained and
untravelled, and consists of roughly 90% primary forest. In addition, the BCNP also protects
areas important for the Sarapiqui watershed (http://www.teamnetwork.org/ 2015).

The elevation gradient within the BCNP is a Tropical Ecology Assessment and

Monitoring Network (TEAM) site, meaning that there are standardized protocols for surveying
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and monitoring the vegetation and fauna within the park. The TEAM project is based at LSBS
and aided by the Organization for Tropical Studies (OTS). In addition, the proximity to LSBS
attracts many researchers from all ecological fields to the elevational gradient, from botanists to
entomologists.
2.2 Costa Rican Policy

Costa Rica’s location in Central America, with the ocean on two borders, and to
Nicaragua and Panama, has highly varied topography and geography which has allowed for the
evolution of high levels of biodiversity: while Costa Rica encompasses only 0.03% of the
terrestrial world it contains 4.8% of all described species (GOC 2009, Kuper 2013). Costa Rica
as a whole is very proactive in terms of natural resource management and conservation of
biodiversity. Costa Rica’s most well-known policy Payment for Ecosystem Services Programme
(PPSA), that began in 1997, is widely considered to be the most successful for its kind (GEF
2005, Kuper 2013, SINAC 2009). Under the PPSA, Costa Rica pays private owners of forest to
conserve forest or allow it to regenerate in return for the ecosystem services they produce. These
ecosystems services include emissions mitigation, water resource protection, provision of scenic
beauty, and protection of biodiversity. Until the 1980s, policies and incentives in Costa Rica
favored deforestation, particularly for cattle rearing. Costa Rica saw a precipitous fall in forest
cover, from 63% in 1960 to 21% in 1987 (GOC 2011). Though Costa Rica had begun to regain
forest before the implementation of the PPSA, the policy was been instrumental in helping Costa
Rica rebound to 2.67million ha or 52.4% forest cover in 2010 (51% according to the Food and
Agriculture Organization of the United Nations (FAO) (FAO 2010, FONAFIFO 2012)/

The increase in forest cover is slowing, however, and the Government of Costa Rica

estimates that under a business as usual scenario, the effects of PPSA would level off at 55%
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forest cover (GOC 2011). To continue increasing forest cover, Costa Rica plans to extend PPSA
by another 342,000 ha as the backbone of its REDD+ Programme (GOC 2013). In February
2013, Costa Rica submitted an Emissions Reduction Project Idea Note (ER-PIN) to the Forest
Carbon Partnership Facility’s (FCPF) Carbon Fund, which was approved in Paris in June 2013
(FCPF-CF 2013, GOC 2013). All the carbon elements of Costa Rica’s REDD+ activities are
included in the ER-PIN, which aims to mitigate emissions through avoided deforestation and
increased carbon sequestration by 29.5m tC or approximately 108m tCO2e between 2010 and
2020. The current February 2013 version of the ER-PIN mistakenly states uses tCO2 instead of
tC thereby understating emissions reductions by a factor of 3.67 (FONAFIFO 2012, Kuper
2013). Though private carbon projects are permitted, since REDD+ incentives will be offered
under the existing national PPSA, there are no stand-alone early REDD+ initiatives aiming to
sell emissions reductions from avoided deforestation in the voluntary market. Costa Rica

officially became part of the REDD+ program in 2014.

2.3 Implications of this study

Improvements in relating forest structure in highly complex and diverse forest
environments to plant diversity are critical to the science goals of the UN-REDD+ program as
well as for tropical forest research in general. The scope of the proposed dissertation will cover
six chapters across distinct but interrelated topics concerning the forest of Costa Rica, which
seeks to improve the existing methodologies and compare results to other datasets. Ideally, this
research will be applicable to other tropical environments with both field-collected tree inventory

data and appropriate remote sensing products.
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Costa Rica harbors high levels of biodiversity and endemism. While Costa Rica does tend
to have good conservation policies in place, understanding the patterns of plant diversity and
biomass can allow for better management priorities. Current technologies utilizing spaceborne or
airborne remotely sensed imagery could be very useful to study terrestrial processes and allow
for better monitoring of patterns of forests, both spatially and temporally.

The scope of this Ph.D. dissertation spans a range of topics from field ecological
questions to extrapolation mapping and quantitative ecology. The topics covered are temporally
relevant and will directly address important goals outlined in UN-REDD+ scientific plans.
Developing an understanding of diversity and successional stages both within and outside of
protected areas may give us some insight on how to best manage tropical montane systems and

may aid in developing conservation priorities, particularly in the face of climate change.
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Chapter 3. Topography and Three-Dimensional Structure Can Estimate Tree Diversity
along a Tropical Elevational Gradient in Costa Rica

Abstract: This research seeks to understand how tree species richness and diversity relates to
field data (1-ha plots) on forest structure (stems, basal area) and lidar derived data on topography
and three-dimensional forest structure along an elevational gradient in Braulio Carrillo National
Park, Costa Rica. In 2016 we calculated tree species richness and diversity indices for twenty 1-
ha plots located along a gradient ranging from 56 to 2814 m in elevation. Field inventory data
were combined with large footprint (20 m) airborne lidar data over plots in 2005, in order to
quantify variations in topography and three-dimensional structure across plots and landscapes. A
distinct pattern revealing an increase in species’ richness and the Shannon diversity index was
observed in correlation with increasing elevation, up to about 600 m; beyond that, at higher
elevations, a decrease was observed. Stem density and basal area both peaked at the 2800 m site,
with a mini-peak at 600 m, and were both negatively associated with species richness and
diversity. Species richness and diversity were negatively correlated with elevation, while the two
tallest relative height metrics (rh100, rh75) derived from lidar were both significantly positively
correlated with species richness and diversity. The best lidar-derived topographical and three-
dimensional forest structural models showed a strong relationship with the Shannon diversity
index (r> = 0.941, P < 0.01), with ten predictors; conversely, the best species richness model was
weaker (r?> = 0.599, P < 0.01), with two predictors. We realize that our high r2 has to be
interpreted with caution due to possible overfitting, since we had so few ground plots in which to
develop the relationship with the numerous topographical and structural explanatory variables.
However, this is still an interesting analysis, even with the issue of overfitting. To reduce issues
with overfitting we used ridge regression, which acted as a regularization method, shrinking

coefficients in order to decrease their variability and multicollinearity. This study is unique
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because it uses paired 1-ha plot and airborne lidar data over a tropical elevation gradient, and
suggests potential for mapping species richness and diversity across elevational gradients in
tropical montane ecosystems using topography and relative height metrics from spaceborne lidar

with greater spatial coverage (e.g., GEDI).

3.1 Introduction
Tropical forests are experiencing high rates of deforestation and degradation; this has had

in a strongly adverse impact on biodiversity and ecosystem services (Chapin et al. 2000, Jantz et
al. 2015, Olivares et al. 2015). In recent years, the international community has recognized the
loss of diversity—and the associated impact upon ecological functions and services—as a key
threat to the sustainability of tropical ecosystems (Jantz et al. 2015). Quantifying patterns and
understanding the processes that maintain species diversity across tropical landscapes are
considered among the ten most challenging problems that require spatial data from combined
ground and remote observations to resolve (Rose et al. 2015). Tropical montane forests are of
particular interest because of their high diversity, the complexity of their landscapes, the
intensity of degradation from anthropogenic forces, and their vulnerability to changing climate.
Patterns of diversity along elevational gradients in tropical montane forests have been the
subject of many studies (Guo et al. 2013, Lieberman et al. 1996a, Whittaker and Niering 1975,
Whittaker, Willis, and Field 2001). Diversity along elevational gradients was initially believed to
decline linearly from the warmer lowlands to the cooler highlands, analogous to patterns
exhibited by increasing latitude (Guo et al. 2013, MacArthur 1972, Nogues-Bravo et al. 2008,
Rahbek 1995, Rohde 1992). However, recent tropical montane studies that examine the full
extent of elevational gradients show a pattern characterized by a mid-elevation diversity peak of

trees, epiphytes, and mammals (Acharya, Chettri, and Vijayan 2011, Aynekulu et al. 2012,
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Bhattarai and Vetaas 2006, Cardelus, Colwell, and Watkins 2006, Carpenter 2005, Gentry 1988,
Feeley et al. 2013, Guo et al. 2013, McCain 2004, Nogues-Bravo et al. 2008, Vazquez and
Givnish 1998, Whittaker and Niering 1975, Wolf and Alejandro 2003). Species diversity is
hypothesized to be greatest midway up the gradient, at an ecotone type environment, with
species intermingling from both lower and higher elevations (Cardelus, Colwell, and Watkins
2006, Homeier et al. 2010, Kuper et al. 2004, Lieberman et al. 1996a). However, the structure of
the forest may also be a key mechanism for diversity patterns, and may also explain why there
are more species at mid-elevations. In particular, field data suggests that stem density and
biomass may be associated with diversity along elevation gradients, and new technologies such
as lidar are available to examine the micro-topography and three-dimensional structure of
tropical forests (Blair and Hofton 1999, Hofton et al. 2002, Lefsky et al. 2002).

Several aspects of forest structure data, including stem density, basal area, and
aboveground biomass, are generally collected in the field and may be associated with tree
diversity (Clark and Clark 2000, Girardin et al. 2014). In general, sites with higher numbers of
individuals per unit area, e.g., higher stem density, tend to have more species (Bhattarai and
Vetaas 2006, Carpenter 2005, Condit et al. 1996, Gentry 1988, Giriraj, Murthy, and Ramesh
2008, Givnish 1999, Gotelli and Colwell 2001, Lieberman et al. 1996a, Unger, Homeier, and
Leuschner 2013). A similar pattern has also been noted for basal area and biomass of forests,
with the high diversity in areas with the highest basal area (Bhuyan, Khan, and Tripathi 2003,
Clark and Clark 2000, Liang et al. 2007). However, there have been a number of studies in
lowland rainforests that have reported only weak relationships between diversity and basal
area/biomass, as just a few large trees may contain much of the biomass (Slik et al. 2013, Wolf et

al. 2012).
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Canopy and understory structural variations and topographical metrics have been
associated with patterns of diversity in tropical lowlands, and can be quantified through the use
of lidar remote sensing (Fricker et al. 2015, Wolf et al. 2012). Lidar can provide waveforms of
the returned energy from relatively small to large footprints, over large areas. Prior research has
found that lidar waveform data closely matched field-collected vertical canopy profiles in the
lowland forest (Drake, Dubayah, Knox, et al. 2002, Tang et al. 2012). If there is a reasonable
relationship between the lidar-derived topography, and three-dimensional structure of a forest
stand and plot data are representative of the landscape, it should be feasible to predict tree
diversity across an entire area covered by a lidar swath. Utilizing lidar technology over larger
areas may be assessed more quickly than ground-collected data alone, and may help to pinpoint
critical areas for conservation priorities (Drake, Dubayah, Clark, et al. 2002, Dubayah and Drake
2000, Dubayah et al. 2010).

There are a number of theoretical and empirical reasons why lidar metrics on topography
and three-dimensional structure should be associated with patterns of diversity. The topographic
variables of elevation, slope, and aspect have been reported to show varying levels of predictive
power for diversity; these can easily be quantified with lidar (Clark and Clark 2000, Homeier et
al. 2010, Pires and Prance 1985). In particular, steep slopes generally result in areas with less soil
development, lower levels of soil nutrients, and less water retention, and hence, less diversity
than in valleys or on mild slopes (Austin, Pausas, and Nicholls 1996, Clark and Clark 2000,
Homeier et al. 2010, Pires and Prance 1985, Wolf et al. 2012). In addition, it has also been
hypothesized that aspect, or the orientation of a site, may be associated with diversity with areas
with less direct sun light. Such areas may maintain higher water holding potential, and thus

support greater species richness (Burnett et al. 1998, Wolf et al. 2012). Studies in tropical forests
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have clearly shown that the development of high and structurally complex canopies results in
greater species richness (Macarthur and Klopfer 1961, Wolf et al. 2012). In particular, the mean
and standard deviation of tree or canopy height have been associated with high levels of diversity
in tropical forests, with taller trees and more heterogeneity in the canopy permitting a wider
niche for other tree species to persist (Bergen et al. 2009, Fricker et al. 2015, Goetz et al. 2007).
Recent studies have also shown that upper canopy variability is correlated with increased species
richness among trees (>1 cm dbh), possibly due to partitioning of light resources (Wolf et al.
2012). In particular, metrics on canopy height and heterogeneity have been able to predict 25%
of the variation of species richness for trees > 10 cm dbh in lowland rainforests (Fricker et al.
2015).

This research seeks to assess how tree species richness and diversity changes along a
Neotropical elevational gradient within Braulio Carrillo National Park in Costa Rica. This
research has three primary research objectives. First, we test if species richness and diversity and
the mid-elevation peak is associated with forest structure metrics (stems, basal area) collected in
1-ha plots in the field. Second, we test whether topographical and forest structural metrics
derived from lidar were associated with tree species richness and diversity within 1-ha plots.
Third, we examined if lidar-derived topographical and three-dimensional structural metrics

within plots are representative of the overall landscape of Braulio Carrillo National Park.

3.2 Materials and Methods

3.2.1 Study Area

This research was conducted along a unique tropical forest elevational gradient in Costa

Rica, with 1-ha plots spanning from within the La Selva Biological Station at 56 m above sea
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level (m.a.s.l) up to 2814 m.a.s.l. in Braulio Carrillo National Park (BCNP). This elevational
gradient, protected by a National Park, is quite unique for Central America, spanning several
ecoregions, from lowlands to high elevation cloud forest, and providing the conditions for high
species turnover and diversity (Clark, Hurtado, and Saatchi 2015). The lowland forest in this
region has an average annual rainfall of ~4000 mm, with ~9000 mm at mid-elevations and ~3000
mm at the peak (Feeley et al. 2013, Holdridge 1966, Lieberman et al. 1996a). The average
temperature is 26 °C in the lowlands; temperatures decrease with increased elevation, down to
~10 °C at the peak (Clark and Clark 2000). Soil types vary over the region, but all are influenced
by the past activity of the Barva Volcano; parent materials of basaltic and andesitic lavas from
the Plio-Pleistocene age are common along the gradient, with more agglomerate tuff-like soil at
high elevations (Grieve, Proctor, and Cousins 1990). Due to volcanic activity, the soils are
younger and have endured less weathering near the peak of the Barva Volcano (Grieve, Proctor,
and Cousins 1990, Lieberman et al. 1996a). Besides the uniqueness of the protected area
extending over multiple life zones, this area is also special because it offers paired field and
airborne lidar data over a tropical elevation gradient, which few other places in the world offer
(Drake, Dubayah, Knox, et al. 2002, Holdridge 1966). We use the term ‘landscape’ when we
refer to the area within Braulio Carrillo National Park, which is a mountainous area surrounded
by lowlands covered in agricultural land. Here, we are only concerned with the landscape of the
mountainous and forested protected area of Braulio Carrillo National Park and La Selva

Biological Station, covered by the lidar dataset.

3.2.2 Field Data

Vegetation surveys were conducted along the gradient within BCNP for 20 1-ha plots

ranging from 56 m.a.s.l. to 2814 m.a.s.l. (Figure 1). Tree diameter at breast height (DBH, 1.3 m)
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was measured using a fabric diameter tape +/—1 mm resolution for all trees >10 cm DBH.
Species were determined in field and identified using herbarium vouchers. Nine of the 1-ha plots
were from a collaborative effort of Conservational International’s TEAM Project
(http://www.teamnetwork.org/ 2015), and 11 1-ha plots at <120 m.a.s.l. at the La Selva
Biological Station, as part of the Carbono project (Clark and Clark 2000). For both datasets, the
survey data from 2011 was used to assess patterns of tree species’ richness, diversity and
structural characteristics (stem density and basal area) along this elevational gradient. The data

used in this study is currently available online, at http://www.teamnetwork.org/.

Figure 1. Map of Braulio Carrillo National Park using Landsat 8 data collected 26 January
2017, with 20 1-ha plot locations/Braulio Carrillo National Park (black outline) and La Selva
Biological Station (white outline). Inset shows location of BCNP in the country of Costa Rica.
Plots used in analysis are in Red (TEAM) and Green (Carbono), red circles are around TEAM
elevation transect plots. B is a Digital Elevation Model (DEM) from the Shuttle Radar
Topography Mission (SRTM).

36


http://www.teamnetwork.org/

3.2.3 Lidar Remote Sensing

Lidar data were used to assess topographic variation (elevation, slope, and aspect), as
well as three-dimensional forest structure metrics (canopy height and understory variation)
across the majority of BCNP and within the 1-ha plots (Table 1). We used NASA’s Land,
Vegetation, and Ice (LVIS) sensor, a medium altitude airborne laser altimeter system, operating
up to 10 km above ground, with a varying footprint, but usually flown in a medium resolution
with circular footprints of 10-30 m in diameter. LVIS was flown over BCNP in 2005 between
March 22nd-30th on the DOE King Air B-200 platform (Blair, Hofton, and Rabine 2006,
Dubayah et al. 2010, NASA). Within each footprint, lidar measures distance from the instrument
to the surfaces below, resulting in several signal returns, effectively capturing canopy height with
the first returns and a digital elevation model (DEM) with the last. The waveform outputs can
help to derive canopy heights, vertical relative height metrics (rh metrics), and topographic
features, relative to the WGS-84 ellipsoid (Dubayah et al. 2010). The DEM from the last return
of the LVIS signal was used to calculate elevation, slope in degrees, and aspect which was
converted to cos(aspect). For three-dimensional structure, the LVIS waveform was segmented
into quartiles of energy, also known as relative height metrics (rh100, rh75, rh50, and rh25), to
quantify three-dimensional forest structure (Blair, Hofton, and Rabine 2006). These relative
height metrics allow for the assessment of forest structure from the upper canopy (rh100), the
canopy (rh75) the sub-canopy (rh50) and the understory (rh25) at the 1-ha plot level. Past
research has found that these four metrics provide enough information from the waveform to
study forest structure (Blair and Hofton 1999, Dubayah et al. 2010, Fricker et al. 2015, Hofton et

al. 2002).
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While there is a temporal discrepancy between the LVIS data collection and more recent
field collections, we did compare 2005 field data to the 2016 data for a few plots that were
available, and these displayed similar values of diversity across all life forms; we are assuming
the natural growth and treefall occurrence over the interim years. In addition, from multiple visits
to the sites, we do not believe that the structure or levels of species richness have changed

significantly between the time periods.

3.2.4 Data Analysis

Species richness and the Shannon diversity index were calculated for each plot (R Core
Team , Whittaker, Willis, and Field 2001). Species richness was defined as the number of tree
species >10 cm dbh per ha, while the Shannon diversity index is a metric of diversity that also
includes information on evenness or the proportion of individuals of each species, so it also takes
into account the community structure as a whole (S1) (Hurlbert 1971, Whittaker 1972). The
mean and standard deviation of topographic metrics (elevation, slope, aspect) and three-
dimensional structure metrics (rh25, rh50, rh75, rh100) were calculated at the plot level. Pearson
correlations and regression analyses in R were used to determine the relationship between
species richness and diversity and field data on forest structure (stem density and basal area from
plots), and lidar-derived metrics (topographical metrics and forest three-dimensional structure
within the plots).

In order to extrapolate the plot-level data to the landscape, we fit linear models that
predict species richness and diversity from field- and lidar-derived topographical and three-
dimensional forest structure metrics. For each response variable, we used the leaps package in R
to optimize the multiple linear regression model by fitting an exhaustive set of models—

including all combinations of predictor variables—and choosing the model that minimized the
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Bayesian Information Content (BIC) (Lumley 2017, R Core Team). In addition to using BIC as a
measure of performance on each fitted model, cross-validation was also performed to optimize
the number of predictors included in the multiple linear regression, by estimating the testing
Mean Squared Error (MSE) of optimal models with each number of predictors. Because many
predictors were included in the multiple linear regressions compared to the number of
observations in the data, our model was very flexible. We constrained this flexibility in order to
reduce overfitting by using ridge regression.

Ridge regression acted as a regularization method, shrinking coefficients in order to
decrease their variability and multicollinearity. The linear regression and ridge regression models
were compared using 5-fold cross-validation to estimate the testing MSE, in order to judge the
extrapolation quality of our field data derived model (Dijkstra 2014, Giraud 2015). We compared
the mean and standard deviation of topography and three-dimensional structure metric from the
field plots with the landscape based on lidar derived metrics. We calculated canopy heights
across 100 m bins of elevation, which we refer to as landscape data. Plot data was paired with
lidar data, and a Shapiro-Wilk normality test showed that the differences between them were
approximately normally distributed. Paired t-tests were performed between plot and landscape
data to identify if topography (slope and aspect) and three-dimensional forest structure (rh100,

rh75, rh50, rh25) from the plots were significantly different from landscape data.

3.3 Results

3.3.1 Species Richness, Diversity, and Forest Structure from Plots

There were 403 identified tree species >10 cm dbh in the 20 1-ha plots, representing 87

different families. Tree species richness and diversity changed in a non-linear fashion along the
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montane gradient (Figure 2); species richness (178 sp.) and Shannon diversity (4.64) both peaked
at the plot located at 552 m elevation, VB3 (Table 1).

Figure 2. Species richness and Shannon Diversity Index along an elevation gradient in Costa
Rica. The inset shows the variations of diversity across lowland sites where more plots were
available for this study. Similar variability may exist in higher elevations but no additional

replicates of plots were available to verify.
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From the lowest elevation sites, species richness and diversity steadily increased up to
552 m, then declined, with an exceptionally large decline after the 2355 m plot. This 2355 m plot
had a species richness of 49 and a Shannon diversity index of 3.2, and the highest elevation site
(2813 m) had a species richness of 13 and a Shannon index of 1.77 (Table 1, Figure 2).

Stem density increased from 360 stems per hectare at the 56 m plot to 657 stems at 386
m; it then decreased to 606 stems at 552 m, and 397 stems at 1425 m, and exceptionally
increased to 1221 stems at the 2814 m plot (Table 1). At lower elevations, basal area had a
pattern similar to stem density, with a peak at the 106 m plot (28 m?) and 552 m (27.5 m?); it
then decreased before a slight increase at 1425 m. The two highest plots, 2355 m and 2814 m,

had the highest basal area along the elevational gradients (35.8 m? and 66.2 m? respectively).
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Table 1. Data from 20 1-ha plots along an elevational gradient in Costa Rica. The relative height metrics (rh), slope, and aspect
(cosine) were derived from lidar.

Stem Basal

Elevation Species Shannon rh25 rh75 rh100 Slope  Aspect
Plot (m) Righness Diversity Index Nug;)b er ?r;i? (m) rh50 (m) (m) (m) (O/c?) (E)
A3 56 107 3.82 433 26.7 11.8 21.3 27.1 35.7 6.9 204.2
A6 56 91 3.55 360 24.1 13 20.6 27.3 38.3 6.3 213.2
Al 61 85 3.48 332 27.9 145 22.8 28.9 38.8 6.4 187.6
L4 66 118 3.90 535 22.5 12 19 24.7 33.6 9 152.7
L5 75 129 3.76 512 22.0 14.3 23.6 28.7 38.3 15.9 282.9
P4 76 105 3.74 500 25.1 9.9 20.1 28.3 38.8 10.8 221
L3 82 117 3.96 481 27.0 10.2 17 22.6 315 10.5 154.3
P6 83 124 3.91 507 23.8 13.7 21.8 28.4 39.3 18.8 181.4
P3 85 111 3.81 502 25.5 12.7 21 26.4 34.3 14.3 190.8
VB1 101 99 3.32 430 22.9 12 20.9 27.3 37 6.9 183
L6 106 121 3.93 552 28.0 141 21.4 26.2 34.5 10.2 106.9
L2 119 126 3.97 607 23.6 13 21.1 27.3 38.1 19.9 215
VB2 173 95 3.89 461 25.2 9.9 17.4 22.6 315 7.6 184.5
VB4 386 151 4.39 657 27.1 11.2 21 28.4 39.2 20.6 165.4
VB3 552 173 4.64 606 275 11.6 185 23.7 32.2 10.8 42.2
VB7 933 68 3.49 426 20.4 5 12.9 20.4 29.7 14.2 164.2
VB8 1425 59 3.36 397 24 5.2 11.3 16.5 22.8 12.8 229.5
VB5 1976 47 3.12 521 26.9 4.1 9.8 14.2 20.1 9.5 135.7
VB10 2355 49 3.15 569 35.8 5.3 11.6 16.4 25 25.9 81.6
VB6 2814 14 1.76 1221 66.2 6.9 114 14.2 19.3 9.7 126.4
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Species richness was not significantly correlated with stem density and basal area;
however, Shannon diversity was significantly negatively correlated with stem density (Figure 3)
and basal area (Table 2). The results of Pearson correlation tests between each of these response
variables of species richness and diversity with stem density were r=—-0.272, p<0.25and r =
—0.517, p < 0.02, respectively. The results of Pearson correlation tests between each of these
response variables and basal area were r =—0.550 p < 0.002 and r =—0.739, p < 0.001,

respectively (Table 2).

Figure 3. Stem density and Shannon Diversity Index from field data along the elevation
gradient. The inset shows the variations of the diversity and stem numbers across lowland
sites where more plots were available for this study. Similar variability may exist in higher
elevations but no additional replicates of plots were available to verify.
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3.3.2 Lidar Metrics and Species Richness and Diversity

Topographic and three-dimensional structure were correlated with metrics of species
richness and the Shannon diversity index (Table 2). Lidar metrics on topographic variables were
more closely correlated with Shannon diversity than species richness. For the topographic
variables, elevation was significantly correlated with species richness and diversity. For height

metrics, species richness was correlated with the top two canopy height metrics, rh100 and rh75,
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and the standard deviation of the understory, while diversity was correlated with all four canopy
height metrics and the standard deviation of the canopy layers. The lidar metrics derived from
the quartiles of the lidar waveform were found to have a relatively linear relationship with tree
species richness and diversity, particularly for lower rh metrics (Figure 4A & B). The
multivariate regressions focused on the use of topographic and three-dimensional structure to
predict species richness and the Shannon diversity index. Using best subset selection, the species
richness model with optimal BIC included two predictors, rh100 and rh25 SD, and the model
with the second-lowest BIC included three predictors, adding aspect to the model (Table 3).
These models had r? values of 0.494 and 0.557, respectively. Applying this method to the
multivariate regression predicting the Shannon diversity index selected an optimal model, with

10 predictors (Table 4, Figure 4).

Figure 4. Multiple diversity metrics within plots versus lidar-derived relative height
metrics (A) Species richness: r? for rh100, rh75, rh50, and rh25: 0.55 0.56, 0.55, 0.50
respectively; (B) Shannon diversity index: r? for rh100, rh75, rh50, and rh25: 0.41, 0.40,
0.34, 0.26 respectively.
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Table 2. Pearson correlation between two metrics of diversity (species richness and Shannon
index) and field and lidar-derived data. * = P < 0.05, ** = P < 0.01.
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. . Shannon
Species Richness Diversity
Field data
Stems —0.272 -0.517 *
Basal Area —0.550* —0.739 **
Topography
Elevation —0.771 ** —0.743 **
Slope 0.098 0.131
Aspect —-0.027 —0.332
3-D structure
rh100 0.741 ** 0.644 **
rh75 0.751 ** 0.630 **
rh50 0.745 ** 0.581 **
rh25 0.707 ** 0.510 *
rh100 sd 0.304 0.287
rh75 sd 0.313 0.267
rh50 sd 0.0389 0.063
rh25 sd -0.228 —-0.288

Table 3. Best subsets of lidar-derived predictors to model species richness along with the r?
value and BIC of each model. The model with the optimal number of predictors for each
response variable is bolded. Elevation = Elev., rh = relative height, SD = standard deviation.

Predictors Selected Predictors in Model r BIC
1 Elev. 0.589 0.71
2 rh100 + rh25.SD 0.584 —4.637
3 Aspect + rh100 + rh25.SD 0.599 —4.341
4 Aspect + rh25 + rh50 + rh25.SD 0.579 —-3.56
5 Aspect + Aspect.SD + rh25 + rh50 + rh25.SD 0.654 -3.269
6 Aspect + Aspect.SD + rh25 + rh50 + rh25.SD + rh100.SD 0.689 —2.429
7 Aspect + Slope.SD + Aspect.SD + rh25 + rh50 + rh25.SD + rh100.SD 0.711 —0.865
8 Elev. + Aspect + Slope.SD + Aspect.SD + rh25 + rh50 + rh25.SD + rh100.SD 0.721 1.363
9 Elev. + Aspect + Aspect.SD + rh25 + rh50 + rh75 + rh100 + rh25.SD + rh50.SD 0.745 2.574
10 Aspect + Slope.SD + Aspect.SD + rh25 + rh50 + rh75 + rh100 + Elev.SD + rh25.SD + 079 1698

rh50.SD

Table 4. Best subsets of lidar-derived predictors to model Shannon diversity index along with
the R-squared value and BIC of each model. The model with the optimal number of predictors
for each response variable is bolded. Elevation = Elev., rh = relative height, SD = standard

deviation.
Predictors Selected Predictors in Model r BIC
1 Elev. 0.547 —5.958
2 Elev. + rh25.SD 0.541 -10.202
3 Elev. + Slope + Aspect 0.737 -11.921
4 Elev. + Slope + Aspect + rh25 0.787 -15.231
5 Elev. + Slope + Aspect + Aspect.SD + rh25 0.824 -16.82
6 Elev. + Slope + Aspect + Aspect.SD + rh25 + rh25.SD 0.838 -—15.455
7 Elev. + Slope + Aspect + Aspect.SD + rh25 + Elev.SD + rh75.SD 0.872 -17.257
8 Elev. + Slope + Aspect + Aspect.SD + rh25 + rh50 + Elev.SD + rh75.SD 0.878 —15.145
9 Elev. + Slope + Aspect + Aspect.SD + rh25 + rh50 + rh75 + Elev.SD + rh75.SD 0.914 -19.152
10 Elev. + Aspect + Slope.SD + Aspect.SD + rh25 + rh50 + rh75 + rh100 + rh25.SD + 0941 2379

rh50.SD
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Regularization was performed on models for species richness and Shannon diversity
index. We used a shrinkage parameter lambda, that minimizes the residual sum of squares, plus
an L2 constraint, meaning that the shrinkage parameter lambda is the coefficient of an added
term that is the sum of the squared coefficients. This constraint encourages the beta coefficient
estimates to become smaller than they would be using ordinary least squares regression. Using
L2 constraint, ridge regression optimized the shrinkage parameter lambda and yielded sets of
coefficients (S2) with 14 degrees of freedom. This was done using the package glmnet; the value
of our optimized lambda was 0.04037017 (Friedman, Hastie, and Tibshirani 2010). Comparison
of multiple linear regression subset selection and regularization methods was performed using 5-
fold cross validation to estimate the mean squared error on testing data. Cross validation on
multiple linear regression subset selection models for species richness and Shannon diversity
yielded average validation set mean squared errors of 572.2 and 0.02 respectively, while cross
validation on models using ridge regression yielded higher mean squared errors of 2628.8 and
0.39 (Table 5). Overall, the reduced multiple linear regression models formed using best subset
selection (10 predictors for diversity, 2 predictors for species richness) performed the best
(Figure 5).

Table 5. Five-fold coefficient of variation (CV) estimates of Mean Square Error (MSE) for
Multiple Linear Regression (MLR) subset selection and ridge regression models.

Model Method Shannon Diversity  Species Richness

Model Model
Bes_t Subsets Mu!tlple 0.018 572 172
Linear Regression
Ridge Regression 0.387 2628.755

This map of Shannon Diversity Index over the Braulio Carrillo National Park area
exemplifies the extrapolation capabilities, when using combined ground and airborne data

(Figure 5). We see that the highest elevation areas (South West corner of BCNP, bottom left of
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map) tend to have the lowest species diversity. We obviously do not see a visible mid-elevation
bulge of diversity in the raster image, but there are more pixels that are mid- to high-diversity in
the center of BCNP, and in the mid-elevation region depicted in the digital elevation model of
Figure 1b. There are some homogenous clumps of pixels in the middle of BCNP, which are
likely artifacts caused by sharp changes in elevation, which can cause errors with lidar collection
(Fricker et al. 2015). The southeast portion of BCNP was not covered by the lidar sensor, so we
masked it out of the extrapolation.

Figure 5. Map of predicted Shannon Diversity.
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3.3.3 Plot and Landscape Data

Plot level lidar data on topography and three-dimensional structure were compared to
landscape-level data in 100 m bins, in order to see if the lidar-derived topographic and height
data from the plots was representative of the landscape as a whole. Slope and aspect from the

plots were not significantly different than the landscape (p = 0.161, p = 0.818 respectively).

Figure 6. Plot-level and landscape-level mean lidar-derived relative height (rh) metrics
across the elevational gradient (A). Red/orange shades are at the plot-level, green shades
are the landscape patterns. Standard deviations of lidar-derived relative height (rh)
metrics across the elevational gradients (B) Plot-level; (C) and landscape-level mean.
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The mean canopy heights were correlated for the plots and landscapes (p < 0.05) (Figure
6A); however, the canopy heights were significantly taller across the landscape than plots (p <
0.01). There was a significant difference in standard deviation of plot and lidar derived landscape
data (p < 0.01). The standard deviation from plots were relatively similar across the elevational
gradient (generally within 2 m), while the standard deviation at the landscape scale showed wide
variation in rh100 and rh75 and a clear increase in standard deviation with elevation (Figure 6B

& C), with exceptions of the two highest elevation sites 2355 and 2814 m.

3.4 Discussion

3.4.1 Species Richness and Diversity

Overall, patterns of species richness and diversity decreased with elevation, with a peak
at 552 m of the total 2906 m of elevation of the mountaintop. This peak in diversity had an
overlap of species from both the higher and lower elevation plots, and had the highest number of

shared species with the other sites, as determined through a test of beta diversity (Figure 7).

Figure 7. Simple beta diversity metric of shared species between sites based on elevation
difference between the two sites. Jaccard and Sorensen indices showed same pattern, as
did geographic distance instead of elevation difference.
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This seemingly skewed bulge may also have to do with the geometry of a mountain or
mountain range, as higher elevations cover less area as they come to a peak, compared with
larger geographic areas at mid-elevations. According to the species-area relationship, larger
geographic areas should support a greater variety of species (Whittaker, Willis, and Field 2001).
As elevation increases in simple montane environments, the total area within zones of elevation
decreases in accordance with basic geometry, which would support the idea that higher
elevations would have fewer species. However, the ruggedness of terrain can influence the
surface area in certain bands of elevation, making the area effectively larger (Whittaker, Willis,
and Field 2001).

The mid-elevation bulge of tree diversity has been observed across continents and biomes
in the Himalayas (Acharya, Chettri, and Vijayan 2011, Bhattarai and Vetaas 2006, Carpenter
2005), Costa Rica (Feeley et al. 2013), Mexico (Vazquez and Givnish 1998, Wolf and Alejandro
2003), Peru (Muenchow et al. 2013), and Ethiopia (Aynekulu et al. 2012). Although a monotonic
linear decrease of diversity has been reported for many studies, it appears that many of these
studies often do not sample the entire gradient, instead presenting a truncated form of the mid-
gradient bulge pattern (Nogues-Bravo et al. 2008). These results suggest that if the entire
elevational extent is not sampled, the overall patterns may not be correctly identified, and an
incorrect assumption might be made regarding linear decreases in plant diversity with elevation
change; this may cause the display of a mid-elevation bulge, as we found on our mountain

gradient.

3.4.2 Forest Structure from Field Measurements

Patterns in species richness and diversity were not associated with increased stem density

and basal area. When comparing the number of stems and basal area directly to the Shannon
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diversity index, we found that the three highest elevation plots (1976, 1355, and 2814 m) had a
distinctly different pattern than the other sites. While most sites had a positive relationship
between diversity and higher numbers of stems/larger basal area, the three high elevation plots
displayed the opposite pattern. They were relatively species poor, but had higher stem density,
particularly at the 2814 m site, where there were twice as many stems within 1-ha. Thus, stem
number and basal area from plot data alone may not be used to predict tree species diversity at
different elevations. This can be due to a variety of factors, including that our plot locations may
not be representative of the gradient as a whole. Without replicates, we cannot know whether

certain factors are solely due to the aspect of the plot locations.

3.4.3 Topography and Three Dimensional Structure from Lidar

Lidar metrics on topography and three-dimensional structure were associated with both
species richness and diversity. We expected that high elevation, steep slopes, and slopes that
receive the most solar radiation would have low species richness and diversity, while high forest
canopies with high canopy heterogeneity would have greater species richness and diversity. The
topographic metrics of elevation were the most important in this study. Although mean and
standard deviation of slope and aspect was not correlated with species richness or diversity, these
topography metrics improved diversity models, and combined, could explain more of the
variance than the three-dimensional structure metrics. High forest canopies and understories had
the highest species richness and diversity, while high canopy heterogeneity—as measured by the
standard deviation—have greater diversity. This suggests that high canopies with greater

variation allow for more species to persist, resulting in higher diversity.
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3.4.4 Plots vs. Landscape

We found that forest canopy height structure displayed a non-linear relationship along the
gradient, with various peaks of canopy height. At the landscape scale, when we calculated
canopy height across the same elevation as plots in 100 m bins, we found two peaks of canopy
height—the highest around 500 m and a secondary peak at 1900 m, with maximum heights of 52
and 45 m respectively. The height metrics extracted from just within the field plots resulted in
similar patterns across mean height metrics as those of the landscape scale, although landscape
values were generally taller than plots. This can have implications when we use the relationship
developed from the plots to the landscape. At the plot level, we found the standard deviation of
the height metrics was highest at the lower elevation sites; however, the landscape scale clearly
had higher standard deviations of the height metrics increasing with elevation. This high
variation in the forest canopy, and difference between the landscape and plot level analysis,
could be due to higher disturbance in highlands versus lowlands, which could also affect the
diversity and observed shifts in composition (Feeley et al. 2013). These results differ slightly
from findings on the same gradient from a study published in 1996, with ground-measured
height displaying peaks of height at 300 m and 1750 m elevation, with heights of 47 mand 31 m
respectively (Lieberman et al. 1996a). This is also different from what has been found in the
Andes, where tree height and biomass decrease with elevation (Girardin et al. 2014). However,
tree height does not always simply decrease with elevation in the Neotropics. In terms of plot
locations, they were placed for field surveys, and the lidar was collected years later. If the lidar
was collected before setting up the plots, the sampling could have changed, and we may have
obtained slightly different results. With the lidar data, we would have had better knowledge of

the topography and structural variations, and preferentially chosen certain slopes or elevations
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based on features seen in that data. We recommend that non-linear models be tested in the future
(e.g., below and above 552 m), along with other biodiversity metrics—such as butterfly and bird

diversity—that are available for some of the plots in this study.

3.4.5 Modeling Diversity and Species Richness

Lidar metrics of topography and three-dimensional structure can be used to predict tree
diversity and species richness to a lesser extent along elevational gradients, in areas without
ground data. There have been a number of studies that have examined tree species richness and
diversity from plots, and spectral sensors and indices (e.g., NDVI), over tropical forests;
however, these have only been able to explain between 30% and 40% of the variation in tropical
tree species richness (Cayuela et al. 2006, Feeley, Gillespie, and Terborgh 2005, Pau, Gillespie,
and Wolkovich 2012). Active remote sensing, such as airborne radar and small footprint lidar,
have been able to explain between 25% to 44% of the variation in tree species richness (10 cm
dbh) within tropical forests (Gillespie et al. 2009, Fricker et al. 2015, Wolf et al. 2012). Our
results from large footprint lidar can explain 94% of the variation in tree diversity, and 49% of
the variation in tree species richness. This suggests that large footprint lidar can be used to
quantify tree diversity and species richness in regions with 1-ha plots, and may be able to
estimate diversity and species richness along elevational gradients of forests in the tropics. For
diversity, a number of topography and height metrics best explain tree diversity patterns, and
these should be tested in other regions. However, since we tested a number of variables (n = 20)
that have been associated with tree diversity from the literature (and observed that there was not
a linear relationship with diversity), fewer variables and non-linear models should also be tested
in the future. We realize that many variables, with so few plots, can cause an issue with

overfitting. It is difficult to avoid overfitting in our situation, because the data collection is
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limited to small sample sizes, coupled with the presence of a lot of noise in real life. However,
this is still an interesting analysis, even with the issue of overfitting. For species richness, the
overall canopy height (rh100) and the heterogeneity in the understory (standard deviation of
rh25) may be the two best metrics associated with tree species richness at 1-ha for tree 10 cm
dbh. Tree species richness may be the best variable to test in the future using air and spaceborne
lidar data, since the two metrics are easy to calculate, extrapolate, and because they explain
nearly half of the tree species richness. We would expect to find canopy height and understory
structure to be correlated with diversity for other tropical forests along elevational gradients.
Indeed, Guo et al. (2013) identified peaks of diversity in the tropics, and these peaks may be

directly related to canopy height and topographic complexity.

3.4.6 Future Research

Active remote sensing systems like lidar sensors are becoming increasingly popular,
making new forest analyses possible. Lidar has the ability to collect tree height and other aspects
of forest structure and topography that are important for accurate measurements and monitoring
of forest inventory information (Chambers et al. 2007, Lefsky et al. 2002, Simonson, Allen, and
Coomes 2012, Fernandez-Ordonez, Leblon, and Soria-Ruiz 2009). LVIS lidar has been collected
along elevational gradients for a number of forests across the United States; however, the
coverage over tropical forests remains limited to Costa Rica (Land, Vegetation, And Ice Sensor
(LVIS) (Blair, Hofton, and Rabine 2006)). Globally comparative canopy height data (e.g.,
relative height) are available from the Geoscience Laser Altimeter System (GLAS) sensor, and
have been found to correlate with results from LVIS (Saatchi, Harris, et al. 2011, Sun et al.
2008). Thus, it should be possible to compare topography and three-dimensional structure data

from GLAS tracks to tropical field plots, in order to test results from our research, and possibly
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map diversity and species richness. NASA’s Global Ecosystem Dynamics Investigation Lidar
(GEDI) will provide a global dataset in the future on canopy structure, similar to GLAS and
LVIS, but with a footprints of 25 m. This dataset may be used to maps patterns of vegetation
structure using relative height metrics and diversity across elevational gradients in the tropics,

and at larger scales than the LVIS airborne lidar used in this study.

3.5 Conclusions

We examined tree species richness and diversity from field data (20 1-ha plots) on forest
structure (stems, basal area) and large footprint lidar derived data on topography and three-
dimensional forest structure along an elevational gradient in Brauilo Carrillo, Costa Rica. This
study is special because airborne lidar data, with paired field collections, is rare over tropical
elevation gradients. Slope and aspect from the plots seemed to be representative of the
surrounding landscape of the national park; however, the canopy height was significantly taller
across the landscape, and there were differences in standard deviation of lidar derived plot and
landscape data. Species richness and the Shannon diversity index showed a distinct pattern of
increasing up to about 600 m elevation, and then decreasing at higher elevations. Stem density
and basal area were negatively associated with species richness and diversity, with both peaking
at about 2800 m. Elevation was negatively correlated with species richness and diversity, while
the two tallest relative height metrics (rh100, rh75) derived from lidar were both significantly
positively correlated with species richness and diversity. The best lidar-derived topographical
and three-dimensional forest structural models showed a strong relationship with the Shannon
diversity index (r> = 0.941, P < 0.01), with ten predictors, while the best species richness model
was weaker (r?> = 0.599, P < 0.01), with two predictors (rh100, standard deviation of rh25). The

resultant map of Shannon Diversity modeled using supplementary equation S2 shows the lowest
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diversity at the highest elevations in the southwest of BCNP, with higher pixel values of
diversity in mid-elevation areas. This suggests a potential for mapping species richness and

diversity across elevational gradients in tropical montane ecosystems using spaceborne lidar.
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3.6 Supplementary Materials:

Supplementary Equation S1: The equation used to calculate the Shannon Diversity Index is as
follows (Hurlbert 1971, Whittaker 1972):

H' ==Y opilnp (S1)
where;
H’ = Calculated Shannon diversity index _
pi = proportion of individuals belonging to the ith species (%).
S = numbers of species encountered
> =sum from species 1 to species S

Supplementary Equation S2: The equation used to create Figure 5 of Shannon Diversity was as
follows, with an r? of 0.76:

eH’ = 5.789 — 0.0010E + 0.0453S — 0.0046A — 0.134rh25 + 0.124rh50 — 0.0389rh75 -0379rh100, (S2)
where:

eH’ = Estimated Shannon diversity index  rh25: relative height of 25% of the canopy density
E = Elevation rh50: relative height of 50% of the canopy density
S = Slope rh75: relative height of 75% of the canopy density
A = Aspect rh100: Mean canopy height within the footprint

This equation was used in ENVI’s band math to calculate the new layer of Shannon diversity.
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CHAPTER 4: Wood Density along an Elevational Gradient in a Neotropical Forest in
Costa Rica

Abstract

Wood density is an important parameter when calculating aboveground biomass of trees, which
directly relates to the carbon storage of forests. Accurate wood density at the species and plot-
level can provided estimates of carbon storage at regional scales and have important implications
for calculating the carbon budget. This research examines tree species and plot-level wood
density and aboveground biomass measures along an elevation gradient in Braulio Carrillo
National Park in Costa Rica. Tree cores were taken from 29 stand-dominant species over a series
of nine 1-ha plots along an elevational gradient from 55 to 2814 m. The patterns of species wood
density and aboveground biomass from field measured (tree cores) and database wood density
values were assessed to examine how wood density and biomass are affected by changing
elevations. At the species-level, individual tree species did not exhibit significant changes in
wood density along elevational gradients. At the stand-level, we found wood density did not
show a linear pattern with increasing elevations, but instead was highest at both the lowest and
highest elevations with a decline at mid-elevations. We found that TEAM database values (0.60
g/cm?) were significantly higher than field measured wood density for 58% of the species
sampled, and that and estimates from the Global Wood Density Database had significantly
higher wood density for 50% of the same species. If we expand to just within 1 standard
deviation from the mean, TEAM values were significantly different then 80% of the species, and
69% of the Global Wood Density Database. Separating the individuals by diameter class and
selecting 10% of each of the classes resulted in the best method (r? = 0.98) for reasonably

capturing stand-level wood density. Our results suggest that there are decreases in wood density
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at mid-elevations and that we are currently overestimating carbon storage in montane forests in

the tropics. We also suggest a method to collect estimates of wood density for plots and carbon.

4.1 Introduction

Wood density is an important variable for understanding carbon cycle processes and life
history strategies for different tree species. Many past studies have investigated wood density
(WD) and the subsequent biomass estimations and stressed the importance of developing
databases for wood density values across species and forest types (Chave et al. 2006a, Fearnside
1997, Larjavaara and Muller-Landau 2012, Muller-Landau 2004, Nogueira, Fearnside, and
Nelson 2008, Zanne et al. 2009). By understanding the underlying variations in wood density, it
is feasible to be able to more accurately estimate biomass at larger scales, which is a large source
of uncertainty in climate change models.

Wood density is also an important parameter for estimating aboveground biomass (AGB)
and thus can be used as a proxy for the ecosystem service of carbon sequestration. There is little
known about the changes in wood density for individual species along elevational gradients in
the tropics. Wood density correlates well with many morphological, mechanical, physiological,
and ecological properties (Chave et al. 2006a). Wood specific gravity is also a convenient
indicator of life history strategy in trees and one with direct importance for ecosystem studies, as
quicker growing pioneer species tend to have less dense wood as compared to slower-growing
heartier later successional species (Chave et al. 2006a, Niklas 1992, Tilman 1988, Wright et al.
2003). Growth rates tend to be inversely related to the wood density, that is, species with on
average lower wood density are putting in less cost to their growth and can grow quickly,

whereas denser individuals are investing more into their tissues and tend to be more slow
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growing. In addition, the trunk with denser wood will also be stronger and thus have an increased
chance of survival against physical damage (Muller-Landau 2004). Within tropical tree
communities, the distribution of tree life history strategies in general and of wood specific
gravities in particular is theoretically expected to vary among sites, particularly along an
elevational gradient.

Some studies on aboveground biomass in the tropics suggest that biomass is highest at
mid-elevations (Lieberman et al. 1996b). However, linear decreases in aboveground biomass
have also been reported with the highest biomass in the lowlands (Moser, Hertel, and Leuschner
2007), or the inverse with high biomass in the highlands (Whittaker and Niering 1975). Wood
density may mirror biomass estimates along elevational gradients. In particular, high winds,
disturbance regimes, and high turnover at mid-elevations, may select for individuals and species
with higher wood densities. High disturbance rates and high turnover rates are expected to favor
faster-growing species, which are often the pioneer, early successional species (Connell 1978,
Huston 1979, Muller-Landau 2004). However, across these studies, each uses different
measurements and calculation of wood specific gravity, or exclude some trees in the stand due to
lack of wood density data, and there is a need for a standardized approach.

Currently, biomass and total carbon storage can only be conservatively estimated and the
accuracy varies widely depending on the methodology (Fagan and DeFries 2009, Saatchi, Harris,
et al. 2011). In order to truly measure aboveground biomass (AGB), all trees within a region
would need to be cut and weighed, then dried and reweighed. To alleviate the destructive
sampling necessary, allometric equations have been developed, relating tree diameter at breast
height (DBH), tree height, and wood density to an Estimated AGB (EAGB). Using previously

developed allometric equations, EAGB can be estimated relatively simply at the hectare level
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with in-situ field data. However, utilizing these allometric equations such as Chave et al. (2014)
places a lot of importance on the wood density (Chave et al. 2014), (Supplementary Eq. S1). The
more accurate the wood density values, the more accurate the initial calculation of plot biomass.
From this equation, it is clear that D (tree diameter) and p (wood density, WD) have a large
impact on the calculation of EAGB for a single individual, and using a non-accurate values for
WD could result in overestimation or underestimation of AGB for the individual, which can be
exacerbated when scaled up to the plot level and higher. Thus having high quality wood density
data on different species or on the same species under different conditions is imperative for
increasing the accuracy of estimates.

This study has four primary questions regarding wood density and aboveground biomass
along a tropical forest gradient in Costa Rica. First, does the wood density of dominant trees
species measured from tree cores vary across an elevational gradient? Second, do these tree core
values match database values for the same species? Third, how does stand-level mean wood
density change as elevation increases? We hypothesized that trees would have denser wood at
high elevations to be able to withstand high winds, however, we would expect lower wood
density at mid-elevations due to higher rates of disturbance. Fourth, how many individuals need
to be randomly sampled before we can accurately estimate the stand-level mean of wood
density? We would expect to be able to accurately estimate the stand-level average of WD using
random sampling techniques when stratifying sampling methods by diameter class. This would

increase efficiency in the field to collect this important dataset.

4.2 Methods
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4.2.1 Study Area

This research was conducted along a tropical forest elevational gradient in Costa Rica,
spanning from 1-ha lowland plots located within the La Selva Biological Station at 55 meters
above sea level (masl) up to 2814 masl in Braulio Carrillo National Park (BCNP) (Figure 1). The
lowland forest in this region has an average annual rainfall of ~4000 mm, with ~9000 mm at
mid-elevations and ~3000 mm at the peak (Feeley et al. 2013, Holdridge 1966, Lieberman et al.
1996b). The average temperature is 26°C in the lowlands and decreases up the elevation to
~10°C at the peak (Clark and Clark 2000). Soil type varies over the region but all are influenced
by the volcanic activity of Barva Volcano at the peak of BCNP, with parent materials of basaltic
and andesitic lavas from the Plio-Pleistocene age, with more agglomerate tuff-like soil at high
elevations (Grieve, Proctor, and Cousins 1990) . Due to the volcanic activity, the soils are
younger and have endured less weathering near the peak of Barva VVolcano (Grieve, Proctor, and

Cousins 1990, Lieberman et al. 1996b).

4.2.2 Field data and laboratory measurements

Annual vegetation surveys were conducted along the gradient within BCNP from nine 1-
ha plots ranging from 55 masl to 2814 masl from a collaborative effort of Conservational
International’s TEAM Project (http://www.teamnetwork.org/site/volcan-barva) and NASA’s Jet
Propulsion Laboratory (Figure 1B). Individual tree diameters were measured using a fabric
diameter tape +/- 1 mm resolution, and species were determined in field and compared to
herbarium vouchers. Each individual was identified to species and tree diameter at breast height
(DBH) was measured for all trees > 10 cm DBH for nine 1-ha plots. Based on this species
inventory data for the plots, dominant species were selected for each site, as well as were found

in multiple of the plots to see how they changed intraspecifically with elevation change. From
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these 29 dominant species individuals were scouted and identified in the field adjacent to
TEAM’s 1-ha plots. Core samples were taken outside of the permanent plots in case the cores
affected the tree’s subsequent growth rate. The selected individuals were cored using an
increment borer, and brought to the laboratory for measurements in drinking straws. We
attempted to sample between 6-10 individuals for each species, across a range of DBH and from
about six to twelve species per elevation zone, determined by the locations of the existing TEAM
plot (See Supplementary Material Table S1 and S2). We also used species lists from the Carbono
project based in the lowlands of La Selva, and designed to be stratified across soil types and
micro-topographic gradients (Clark and Clark 2000). This resulted in overall sampling of 524
individual trees across 29 species, at nine different elevation sites, if we counted all of the
lowland sites < 100 m together.

Green volume of the tree cores was measured using both the geometric caliper method
and the water displacement method to compare following the methods in Chave et al. (2005)
(Chave et al. 2005). The samples were oven-dried for ~72 hours until a constant weight was
reached, then they were reweighed for dry mass values. These green volume and dry mass
measurements were used to calculate wood density for inner/outer wood, then averaged for the
individual, and then averaged for each sampled species at each site (Table 1). Database wood
density values were assigned for all of the individuals from the compiled Global Wood Density
Database (Chave et al. 2006a, Zanne et al. 2009). These measured wood density values of
dominant species were combined with database values for the remainder of the species present
within the 1 ha plots to develop a stand level average. For the 8,312 total individuals in each field
plot, 3,641 individuals’ species were contained within the database. Individuals who did not have

their species in the database were assigned the average for their genus (n = 4,163). If that was
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unavailable, then they were assigned their family average (n = 508). We also attempted to use the
United Nations Food and Agriculture Organization (FAO) database of wood density values, but
found that very few of our measured species were in the database (8 of the 29 species). In this
manner, each individual in the dataset had a database wood density value associated with it.
From field-collected data on species, averages were calculated for each species at each plot and
compared to the same species at different elevation plots, as well as these database values. We
also examined at the elevational trend of the species and stand-level average of WD using

regression analyses and an ANOVA tests run in R.

4.2.3 Stand-level averages

We determined a species average WD at each elevation plot to compare with database
values for the same species from the tree cores taken in the field and measure in the laboratory.
Stand-level averages of wood density were determined using a combination of field collected
WD and database values for non-collected species. The 20 m x 20 m subplots were bootstrapped
to determine 95% confidence intervals at the 1-ha scale. These were then compared to elevation
to note the pattern of changing WD along the montane gradient. This was conducted on all
individuals of all life forms, as well as trees palms, and tree ferns varied from plot to plot (Figure
15). We also compared this data with WD solely from databases, as well as compared to the
TEAM network’s oft-used value of 0.60 g/cm, which is used in the EAGB calculations for every
individual regardless of species (http://www.teamnetwork.org/ 2015).
4.2.4 Intraspecific test

Across the elevation gradient sites, we were limited in search time for individuals from

the desired species outside of the plots. Because of this, tree cores were taken from the first
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individuals we encountered and identified as one of our dominant species, and not systematically
over a range of DBH sizes. In December 2016, a smaller field study was conducted to
systematically sample from a single species, Pentaclethra macroloba, or Pracaxi. This species is
a canopy tree from the Fabaceae family that is very abundant surrounding La Selva Biological
Station. It was selected because of its relative abundance in proximity to the laboratory which
would allow for systematic sampling across DBH classes. We also had some data on
Pentaclethra macroloba at two of our previous sites up to 400 m, so we knew it was an
important part of the lowland ecosystem. During this side assessment, 69 new individuals were
sampled, from the DBH ranges of 10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm, and >70 cm. These
cores were measured in the lab in the same manner as the larger study detailed above, following

the protocol of Chave et al. (2005).

4.2.5 Testing sampling methods

The identification of specific species within a diverse tropical forest can be time
consuming, and finding enough individuals of each desired species at each elevational increment
can be difficult. To alleviate some of the necessary search time, we tested to see if randomly
selecting individuals could capture and reasonably estimate the stan d-level average of WD on
our full datasets, utilizing both our own samples of wood density and the database values for
species that did not get cored in this study. We tested three methods on the dataset to test the
estimation potential from randomly sampling, as follows- increasing in specificity: 10% of the
population, 10% of each DBH class averaged and applied to themselves, and 10% of each DBH
class averaged and applied to the whole plot. These methods assume that we already know the

number of stems and DBH for the individuals in the plot, so we should have a good vegetation

70



surveys in place already. First, we randomly selected 10% of all of the individuals in the plot,
using R, and calculated the WD average for that proportion and then applied that average to the
remainder of the individuals at that site. The second level of sampling testing separated species
by DBH class (10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm, and >70 cm), and randomly selecting
10% of the individuals for each class. The average of each class determined by this sampling was
then averaged and then applied on the plot as a whole and to the remainder of the individuals.
The third method similarly randomly sampled 10% of each DBH class, but then the average for
each class was applied to just the individuals of the same DBH class. These three methods
resulted in three assigned WD values for each individual, which was then used within the Chave
allometric equation for wet forest to calculate an estimated aboveground biomass (EAGB)
(Chave 2005). The resulting EAGB values were then compared to the EAGB calculated from
original measured/database values without sampling. From these three sampling methods
compared to the full dataset, we hoped to find a way to limit the time spent on taxonomic

specificity when collecting tree cores for stand-level WD assessments in the future.

4.3 Results
4.3.1 Changes in wood density based on field measurements

There was a non-linear pattern in WD with increasing elevation for each species cored
(Figure 8), with some species slightly increasing in WD, while others had decreased WD with
increased elevation. Trees at lower elevations tended to have higher wood density than trees at
higher elevations (Supplementary Tables S1 and S2). However, all species were found to have

non-statistically significant amounts of change of WD with increased elevation.
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Figure 8. Measured species wood density (g/cm?®) at nine sites across an elevational gradient.
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4.3.2 Comparison of species wood densities to database values

A comparison of field collected values for species tended to be lower than Global Wood
Density Database values for the same species (Figure 9, (http://www.teamnetwork.org/ 2015,
Zanne et al. 2009)). The value of 0.60 g/cm?, previously used by TEAM, seems to be quite high
based on both database values and species composition and field-measured WD from this study.
Only one site had a plot-level average close to 0.60 g/cm?, and this plot at the highest elevation
has very unique species composition and structural characteristics in that it is a cloud forest
(Figure 9). We found that the Global Wood Density Database had wood densities more than two

standard deviations away for 50% of the selected species (Table 6, Table 7). If we expand to
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more than 1 standard deviation from the mean, 69% of the selected species were significantly
different than the Global Wood Density Database (Table 7). Using a paired t-test, my measured
wood density values across all species were significantly less than their database values, by an
average of -0.105 g/m® (p-value < 0.0001).

Figure 9. Selected highland species with database values outlined in red box.
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4.3.3 Wood density relationship with elevation

There was a significant difference in the plot-average WD values for just the species cored in the
field and averaged across the plot, determined using an ANOVA test. For solely the species
cored, there was a non-linear pattern in WD with increasing elevation (Figure 10). This varied
widely from the database values for the species cored. Utilizing all of the individuals within the
plot, including those species not field-measured for our study, also yielded similar results (Figure
11). Wood density averaged at the stand level did not show a linear pattern, but instead showed a
trough at mid- to high-elevations with higher wood densities at both lower and higher elevations
(Figure 11). There was high variation within the lowland (<100m) plot stand average wood

densities.

73



Table 6. Analysis of mean and standard deviation (SD) of wood density from tree corers
compared to Global Wood Density Database (GWDDB). Green means the database (DB) value
falls within 1 SD of our values, yellow the DB falls between 1 and 2 SD, red the DB is more than
2 SDs from our measured mean for the species.

Mean SD GwWDDB

Scientific name wood wood

density density
Alchornea latifolia 0.32522 0.09785
Billia colombiana 0.61617 005167 | 0.9 |
Brosimum lactescens 0.57115 0.02917
Brunelia costaricensis 0.21824 0.04587
Casearia arborea 0.53404 0.12501
Casearia tacanensis 0.51394 0.00956
Croton schiedeanus 0.45019 0.10714
Drimys granatensis 0.36807 0.03058
Elaeagia nitidifolia 0.42104 0.04215
Guarea Guidonia 0.59383 0.05851 0.565
Guarea rhopalocarpa 0.52467 0.02602 0.56038
Hyeronima poasana 0.4521 0.05214
llex lamprophylla 0.49179 0.10427
Inga pezizifera 0.41583 0.12015 0.65334
Inga thibudiana 0.41622 0.17635
Minguartia guianensis 0.7076 0.09955
Myrsine pellucidopunctata 0.48536 0.04513
Pentaclethera macroloba 0.41043 0.0579
Pourouma bicolor 0.33503 0.11104
Protium glabrum 0.37855
Protium pittieri 0.43882 0.05636
Protium ravenii 0.44093 0.1031
Saurauia rubiformis 0.31705 0.0233
Schefflera rodriguensiana 0.31258 0.04974
Tetrochidium euryphyllum 0.33375 0.03346
Turpinia heterophylla 0.31638 0.01435
Viburnum costaricanum 0.5096 0.1028 0.63112
Weinmannia pinnata 0.41426 0.04372

Table 7. The percentages of each species that are found to be significant for each level of
significance, and for both types of wood density database values.
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Figure 10. Wood density values across an elevational gradient for measured species, 0.6

baseline, and database values for cored species only.
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Figure 11. Pattern of wood density from both measured species and database values along the
elevational gradient for (A) all life forms and (B) trees only. The bars were the 95% confidence
intervals when assessing bootstrapping subplot averages. Figure 15 shows the distribution of the
different life forms.
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4.3.4 Intraspecific test

For the intraspecific test looking at just Pentaclethra macroloba below 100 m, 69
individuals were sampled from the DBH ranges of 10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm,
and >70 cm. The numbers were skewed over the DBH classes, with more individuals of the
smaller DBH classes sampled (Figure 12A). However, this pattern holds when compared to the
counts of all individuals across all 20 1-ha sites of which we had survey data (Figure 12B). For
all 1-ha sites, there simply are more individuals of the smaller DBH classes, while the larger the
tree diameter is, the fewer in number they are.

Wood density values for Pentaclethra macroloba was highest for the individuals within
the smallest and largest DBH classes (Figure 13). After the first DBH class segment, the overall
WD is lower, but then steadily increases as the DBH increases as the tree ages. In all cases, on
average the outside half of the tree core was found to be denser than the inner part of the same
tree core, although we are mostly concerned with the core’s overall average WD for scaling up
purposes. The error bars on the figure are highest for the smallest DBH class, but this was likely

tied to the larger quantity of individuals sampled for that DBH class (Figure 12A).
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Count of sampled Pentaclethra Macroloba

Figure 12. A) Number of Pentaclethra macroloba individuals sampled below 100m elevation
during December 2016, based on five DBH classes: 10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm,
and >70 cm. B) The number of individuals across all 20 1-ha plots, showing similar distribution
of tree sizes.
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Figure 13. Pattern of wood density for Pentaclethra macroloba individuals, separated by inside
and outside WD, and across the five DBH classes: 10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm,
and >70 cm.
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4.3.5 Sampling methods

The sampling tests were run to determine if we could limit the time spent on taxonomic
specificity when collecting tree cores for stand-level WD assessments in the future. Based on the
three different sampling methods, the simplest method of randomly selecting 10% from all of the
individuals can reasonably estimate wood density at the stand level across all of our sites with an
r2 of 0.88 (Figure 14).

However, when we separated the trees in the plot into DBH size classes and randomly
sampled 10% of each of those groups and applied the average either to the entire plot or to each
DBH class and then average up to the stand level, it resulted in an r? of 0.98 when compared
with the “true” stand wood density of the site. Depending on the inventory data available, 10% of
any of the individuals can reasonably provide a good estimate of WD at the stand level, but using
DBH to select a more varied range of individuals will increase the possibility of estimating WD,
while limiting the necessity to identify specific individuals of certain species in a highly diverse
tropical forest.

Figure 14. Sampling test for how many individuals are needed to be sampled to acquire
an accurate stand-level average wood density for precise above ground biomass estimates.
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Figure 15. Life forms across elevations.
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4.4 Discussion

Based on our analysis of tree wood density, the database values for wood density are
often higher than measured in the field. This causes issues when estimating aboveground
biomass (AGB) because the equation relies heavily on wood density as a parameter. These
higher WD values can inflate and thus overestimate AGB, which gets exacerbated moving from
the individual, to the stand, to the country, and even global levels. Accurate estimates of AGB
are especially important in this current era of climate change where monitoring of terrestrial
carbon sinks and sources is vital. While there can be large differences inter-specifically in wood
density, a tropical forest is expected to have a heterogeneous mix of high and low density
species, and a stand-average WD value may be the best way to assess patterns at a larger scale.
The lowland Carbono plots <100 masl, specifically, seem to display high variation. These
lowland plots were designed to be stratified across soil types and micro-topographic gradients,

which has the potential to affect the wood densities due to drainage and soil wetness. However,
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our plots along the elevation gradient do not have replicates so we cannot test these factors.
Assuming our single vegetation survey plots are representative of the surrounding forest at that
elevation, we found a mid-elevation trough of lower wood densities, with higher wood density at
both lower and higher elevations.

Since WD is tied to the life history strategy of the species and individual circumstances,
perhaps it can tell us something about the dynamics of the site. More disturbed sites will be more
likely to have secondary forest species and pioneer individuals that need to grow quickly and
invest less into dense sturdy wood. Lower elevations may be subject to more anthropological
influence and disturbance, while high elevations may be more affected by increased wind
velocity as air passes over the mountaintop. Perhaps the mid-elevation trough of lower wood
densities is a result of orographic wind, steep slopes, and landslides which end up favoring the
growth of less dense, rapidly growing species, whereas the highest elevation, more of a plateau,
is less susceptible to landslides and the species composition includes more naturally dense
species and individuals to withstand the high wind speeds. The WD value utilized by TEAM,
0.60 g/cm?®, was only exhibited at the highest elevation site, at 2800 masl. Because of this, we
believe that this value may not be representative values for all sites, resulting in overestimation
of aboveground biomass and carbon storage. This high elevation site was very unique
structurally and very species-poor compared to all other plots.

The more tailored stratified sampling for the intraspecific test of wood density looked at
the 69 individuals of Pentaclethra macroloba that were sampled below 100m, from the DBH
ranges of 10-20 cm, 20-30 cm, 30-40 cm, 50-70 cm, and >70 cm. The wood density results
showed that for Pentaclethra macroloba wood density is highest for the individuals within the

smallest and largest DBH classes (Figure 13). After the first DBH class segment, the overall WD
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is lower, but then steadily increases as the DBH increases as the tree ages. In all cases, on
average the outside half of the tree core was found to be denser than the inner part of the same
tree core, although we are mostly concerned with the core’s overall average WD for scaling up
purposes. This pattern of differing wood densities throughout the lifespan of a tree may be tied to
the life history of this canopy species. Initially as the tree enters the smallest DBH class we
measured, the higher wood density may help the individual establish in the highly competitive
understory. As the tree grows, it then needs to reach the canopy quickly to get out of the light-
limited understory. To do so, the tree grows more vertically instead of getting denser and
stronger wood. As it continues to grow, it can get invest more in growing girthier and stronger
more dense wood, as it has already reached the canopy level and the crown is in sunlight. The
results from this intraspecific study were very interesting, and it would be a good motivation to
sample other species in a similar manner to see if the pattern is the same for other canopy
species. In addition, these trees within the smaller DBH classes are more abundant in this forest
type, and the larger tree sizes are rarer.

Based on our sampling tests, it seems as if the goal for large-scale biomass estimations
requires just the overall idea of what is happening on the landscape versus intraspecific variation,
random sampling of individuals in a stratified manner based on diameter can provide a good idea
of stand-average wood density. Depending on the inventory data available, 10% of any of the
individuals can reasonably provide a good estimate of WD at the stand level, but using DBH to
select a more varied range of individuals will increase the possibility of estimating WD, while
limiting the necessity to identify specific individuals of certain species in a highly diverse
tropical forest. Since a diverse tropical forest theoretically should contain a variety of wood

densities and life history strategies, the overall species composition is likely a main driver behind
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the stand averages. Future studies could utilize this method of sampling by diameter class to aid
in determining patterns of stand WD, helpful when attempting to monitor aboveground biomass
and dynamics of carbon sequestration on a landscape.

While WD data at the stand-level did not show a linear pattern with elevation, the data
does show a similar pattern to a study by collaborators over a Peruvian gradient, albeit with
slightly different extents in the lowlands and highlands due to a taller mountaintop at 3500 masl
compared to our 2800 masl. For the center of the elevation gradients, there is a pattern for both
the Costa Rican and Peruvian datasets of a mid-elevation trough of wood densities, with higher
wood densities at lower and higher elevations. The plots with the highest wood density, around

600m in elevation, also tended to have the highest levels of tree diversity (Robinson et al. 2018).

4.4.1 Uncertainties

Even if it were possible to measure wood density of all individuals so we have a good
idea of the average, there are other potential uncertainties. Possible error concerns the error in
measurement if measurements are not standardized, both in the field and the laboratory. For
example, wood density may vary with the height on the tree that is cored. Traditionally, these
tree cores for WD purposes have been taken at the height of where Diameter at Breast Height
(DBH) is measured (~1.37 m). However, this height is rarely measured in the field, and while
accuracy is attempted, there could easily be * several centimeters of error. If the core is taken
from low down on the trunk versus higher towards the canopy, there could be different and
erroneous values measured for that individual.

Besides the field collections, variations in the laboratory measurements of the tree cores

can also cause some uncertainty. The geometric caliper method and the water displacement
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method, when both completed, provided similar results, but the caliper method assumes a perfect
cylinder of the tree core, which is often a mistaken assumption, as the cores may get divots or
grooves. The water displacement method is great for both regular and irregularly shaped samples
(Muller-Landau 2004). These differences when measuring green volume affect the final
calculation of wood density. Various studies may have done one method over the other, and it is
important to note the possible differences this may have introduced. Another variation from
within lab measurements could be the temperature at which the tree cores are dried, standard is
105°C, but some studies report using 50-70°C instead of standard 105°C (Muller-Landau 2004).
Even with the measurements standardized and individuals all accurately identified and
tabulated at the species level, there are still errors that can occur. The variations of sampled
individuals’ WD within different species can be seen in Supplementary Figure S1 A-C. S1A
combines all samples and looks at the count of individuals sampled versus the coefficient of
variation (CV) for each species. S1B shows the CV for individuals separated out by the
elevational site they were sampled from, and S1C shows the count of individuals of each species
sampled from each elevation site. Plot location and abiotic driving factors such as topographical
variations, precipitation regime, soil fertility, and other ecological processes can all affect the

growth of an individual and it is difficult to account for all of these variations.

4.4.2 Implications

Developing accurate estimates of global forest extent and growth is imperative in order to
assess the amount of biomass and carbon stored in the forests of Earth and long-term global
health in the current era of projected climate change scenarios, due to the large portion of carbon

stored in terrestrial systems carbon (Fagan and DeFries 2009, Solomon 2007, Trumbore, Brando,
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and Hartmann 2015). However, there are still widespread uncertainties in measurements of
forests that have limited efforts to obtain this seemingly simple dataset (Fagan and DeFries 2009,
Grainger 2008, Houghton 2003). Forests are changing unevenly worldwide, and standardized
methodology is necessary to monitor exactly how the forests are changing, both regionally and

globally.

4.5 Conclusions

Field measurements of wood density are imperative to accurately get an idea of stand-
average wood density for biomass estimations since database values can vary significantly from
database values, taken over different sites. However, it seems as though a randomly selected
sampling of tree cores of individuals across diameter classes is sufficient to produce similar AGB
results rather than carefully choosing and identifying certain species to sample, whose
intraspecific variation may complicate the overall pattern in the stand when an average may be a
better parameter. Sampled tree cores in this study were found to be significantly lower than
database values for the same species, and quite lower than the 0.60 g/cm?® used in TEAM
calculations for this field site. Future work will analyze the effect of tree size on the wood

density across several of the species cored for this project more in depth.
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4.6 Supplementary Materials

Supplementary Figure S1: Variations in wood density measurements. A is the coefficient of
variation of WD for each species combined from the different elevational plots. B is the
coefficient of variation of WD for each species at each elevational site. C shows the count of
measured individuals of each species across elevations.
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SUPPLEMENTARY EQUATIONS

Supplementary Equations S3 & S4: Chave et al. (2014) allometric equations for wet forest
stands, depending on availability of tree height.

EAGB= 0.0673*(pD*H)*"® when Height is available, or (S3)
EAGB= exp= [-1.803-0.976E+0.976In(p) +2.673 In (D) -0.0299[In(D)]2] (S4)

EAGB = Estimated Aboveground Biomass
p = Wood Density

D = Tree Diameter at Breast Height (DBH)
H = Tree Height
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Chapter 5. Costa Rican Forest Patterns and Trends: Forest loss, landscape heterogeneity
and fires in the 215t century using remote sensing (2000 to 2016)

Abstract

Tropical forest degradation and loss are a primary driving force in the loss of global diversity and
terrestrial carbon sequestration. In this chapter, | assess the spatial patterns driving deforestation
and afforestation across Costa Rica and protected areas. Forest loss and gains within the country
for the years of 2000-2016 at 30 m spatial resolution were calculated, and we tested whether
protected areas (PAs) indeed had less forest loss than non-protected areas. This dissertation
chapter had four main research objectives. First, we examined forest cover change in Costa Rica
from 2000 to 2016 to determine if there were patterns within provinces and across protected
areas. Second, we identified changes in NDVI in protected areas from 2000 to 2016. Third, we
identified patterns in population within the country and across protected areas with differing
levels of protection. Fourth, we looked at patterns in fire frequency and extent within and outside
protected areas. Firstly, we found that deforestation has been occurring over the entirety of the
country of Costa Rica since 2000. There has been some gain across the country, but very limited
when compared to the loss. For protected areas, there has also been predominantly loss over the
time period. Our second research question examined NDVI changes. In general, NDVI increased
slightly over the time period of 2000-2016 for the entirety of the country and within the protected
areas when averaged together (0.573 to 0.5995). When the PA change was analyzed individually
using a paired t-test found a significant decrease of -0.0226, with a t-value of -6.7415 (p <
0.001). At the province level, it was determined the provinces decreased insignificantly by -
0.0029. On average, some provinces increased in NDVI while others decreased. The third
research objective noted that population was centered in a few major cities, specifically San Jose.

The two provinces that were the most populous were San Jose and Alajuela, and they also
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increased the most during this time period. The country as a whole increased in population
during this time, and all provinces showed an increase in population. For humans living within
protected areas, they were mostly found in IUCN category VI during 2016. In general, the PAs
seem to have experienced a loss of human population during these years, though it was found to
be insignificant. The final research question looked at the pattern of fire across the country of
Costa Rica. Fires during the 2000-2016 period were mainly in the lowland coastal areas, and
focused on the drier western portion of the country. The incidence of fire was found to be
negatively correlated with the forest area lost annually (r> = 0.25) there was less forest area lost
in years with higher fire frequency. This correlation does not imply causation and instead shows
that the forest loss is more likely due to forest conversion than fires. This dissertation chapter
examined the effect of protected versus non-protected status on forest loss and land conversion.
Developing an understanding of diversity and successional stages both within and outside of
protected areas may give us some insight on how to best manage tropical montane systems and

may aid in developing conservation priorities, particularly in the face of climate change.

5.1 Introduction

Forests cover roughly 31% of the world’s land surface, and are estimated to store 48% of
the world’s terrestrial carbon, although these are conservative estimates (Dixon et al. 1994,
Fagan and DeFries 2009, FAO 2010, Groombridge, Jenkins, and Jenkins 2002). In the first
decade of this century, 2000-2010, the global net forest loss was about 5.2 million hectares per
year (Fagan and DeFries 2009, FAO 2010). Forest loss is estimated to account for roughly 12-
20% of global greenhouse gas emissions, mainly through deforestation and degradation of
tropical forests (Saatchi, Harris, et al. 2011, Sandbrook et al. 2010, Van der Werf et al. 2009).

Developing accurate estimates of global forest extent and growth is imperative in order to assess
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the amount of biomass and carbon stored in the forests of Earth and long-term global health.
Deforestation is uneven around the world, and standardized methodology is necessary to monitor
exactly how the forests are changing, both regionally and globally. Each year the world has less
forested area, and the forests that remain are of lower quality. For example, the replacement of
natural old-growth forests with a monoculture of an exotic species greatly reduces biodiversity
and may affect other ecosystem services (Groombridge, Jenkins, and Jenkins 2002, Jantz et al.
2015, Kuper 2013). Current technologies utilizing spaceborne or airborne remotely

sensed imagery could be very useful to study terrestrial processes at large scales, which will
allow for better monitoring of forest stocks and limit the need for extensive and costly
measurements in the field (Fagan and DeFries 2009, Grainger 2008, Houghton 2003). Protecting
areas by designating them as national parks, national forests, or biological reserves has been
shown to be the simplest and most common approach to conserving the remaining forests (Pfaff
et al. 2007, Pfaff et al. 2009, Sanchez-Azofeifa et al. 2007, Sanchez-Azofeifa et al. 2003).

One project that requires robust estimates of forest carbon stocks in various countries is
the United Nations Reducing Emissions from Deforestation and Degradation (UN-REDD). The
UN-REDD Program is an initiative to combat climate change, by assigning a monetary value to a
country’s carbon stocks. The scientific goals of the UN-REDD program specifically ask for
refinements in the remote sensing methodologies to estimate forest biomass over regional and
global scales. In recent years, the international community has recognized the loss of diversity as
a key threat to the sustainability of tropical ecosystems by affecting their ecological functions
and services (Jantz et al. 2015, Kuper 2013). This recognition contributed to the international
negotiations on the reduction of emissions from deforestation and degradation by adding

biodiversity (REDD+) as an important component of mitigating climate change, and offering

92



tradeable credits and financial incentives for reducing emissions (Edenhofer et al. 2011, Pfaff et
al. 2007, Sanchez-Azofeifa et al. 2003, Sanchez-Azofeifa et al. 2007, Solomon 2007). A
significant constraint in identifying forests with different conditions is the capacity to map them
from space (Achard et al. 2007, Asner et al. 2012a, Giacomo et al. 2008). Quantifying the
patterns and understanding the processes that maintain species diversity across tropical
landscapes are considered one of the ten most challenging problems that require spatial data from
combined ground and remote observations to resolve (Rose et al. 2015). The development of
methods utilizing this type of technology allows for the mapping of ecological features that were
previously only feasible through ground collection. Remote sensing allows for the study of
objects without direct contact, typically through the use of satellite imagery. Because of this, it
can allow for broad mapping of forest extent, climate, and ecological processes at a large scale
more quickly than possible solely through assessment on the ground. Ground measurements are
expensive, laborious, and time consuming, as well as typically very limited spatially. Field
collections have to be spatially limited due to time constraints and labor input, and remote areas
may be difficult to access and sample; using imagery can allow for easier analysis of these areas
without additional disturbance. Remote sensing is a practical necessity to measure and monitor
forests globally. Monitoring forest biomass over regional and global scales is imperative with
increasing concerns about climate change, as more attention needs to be focused on accurately
estimations of carbon fluxes.

Costa Rica’s unique position, bordered on two sides by oceans and having varied
topography results in many different micro-environments and niches, allowing for high levels of
biodiversity and primary productivity. Understanding the dynamic nature of the vegetation

growth and health may give us a better idea of how different ecosystems may be impacted by a
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changing climate, particularly by varied temperature and precipitation regimes. This project will
utilize spaceborne passive and active sensors to effectively monitor aspects about the forests
Costa Rica important to conservationists, policy-makers, and ecologists within the Neotropical
country of Costa Rica.

This research has four primary research objectives. First, we examine forest cover change
in Costa Rica from 2000 to 2016 to assess patterns within provinces and across protected areas.
Second, we identify changes in NDVI in protected areas from 2000 to 2016. Third, we identify if
there are significant increases in population within the country and within protected areas.
Fourth, we identify if there have been significant changes in fire frequency and extent within and
outside protected areas. This project used a combination of remote sensing, GIS layers, and
ground-derived products to examine how the forest in Costa Rica has changed between 2000 and
2016, particularly in terms of protected versus non-protected areas. Developing an understanding
of diversity and successional stages both within and outside of protected areas may give us some
insight on how to best manage tropical montane systems and may aid in developing conservation

priorities, particularly in the face of climate change.

5.2 Study Site, Data, and Methods
5.2.1 Study Site: Costa Rica

This project covers the entirety of the country of Costa Rica, a country in Central
America fringed by the Pacific Ocean and the Caribbean Sea, and bordered by Nicaragua and
Panama, with an area of roughly 51,636 km? of terrestrial land area, and 576,100 km? marine
area (IUCN 2017). Costa Rica has highly varied topography and geography which has allowed

for the evolution of high levels of biodiversity: while Costa Rica encompasses only 0.03% of the
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terrestrial world it contains 4.8% of all described species (Kuper 2013, SINAC 2009). Elevations
in Costa Rica range from sea level to ~3805m (Figure 16). According to downloaded WorldClim
data annual mean temperature across the country ranges from 4 to 27° C, while total annual
precipitation ranges from 0 to 272 cm (Hijmans et al. 2004). Due to the ranges of topographical
and climatic variables, there are highly varied landscapes that cover many different life zones
and biomes (IUCN 2017, Kuper 2013, Sanchez-Azofeifa, Harriss, and Skole 2001).

Figure 16. SRTM elevation over the country of Costa Rica. A has protected areas overlaid and B
has provinces overlaid.
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5.2.2 Forest coverage

This project will use a combination of remote sensing, GIS layers, and ground-derived
products to examine how the forest in Costa Rica has changed between 2000 and 2016,
particularly in terms of protected versus non-protected areas. For forest coverage, we used the
Global Forest Change dataset, which uses Landsat-based imagery at 30 m spatial resolution
annually for the years 2000-2016 (Hansen, Stehman, and Potapov 2010, Hansen et al. 2013).
Each year uses a combination of Landsat scenes from that year to limit the cloud coverage, and
then is processed to determine annual loss of forest (i.e. a conversion of the pixel from forest to
non-forest classification), and pixels that “gained” forest over the entire 16 year period. We also
calculated the Normalized Difference Vegetation Index (NDVI) derived from Landsat from the
initial state image (2000) and for the final state image (2016) and performed a change detection.
NDVI is an index that uses a ratio between the red and near infrared reflectance from the Earth’s
surface along a standardized -1 to 1 scale to determine how “green” the surface is. The closer to
1, the greener the reflectance from the surface. This can be used to look at forest versus non-
forest area, although greening up in cities, from the building of a park or golf course, can also

increase the NDVI in an area.

5.2.3 Shapefiles: Administrative borders and protected areas

Vector data for country, province, and district borders of Costa Rica were downloaded
from the DIVA-GIS repository. Vector datasets on protected areas within Costa Rica were
obtained from the World Database on protected areas through the International Union for the
Conservation of Nature (IUCN) Protected Planet online interface, which is the most

comprehensive global database on terrestrial and marine protected areas (IUCN 2017).
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According to Protected Planet, Costa Rica contains 187 different areas under protection, with
27.6% coverage of terrestrial areas, and just 0.83% of marine area protected. After eliminating
some of the marine-only areas, we used the remaining 177 mostly terrestrial PAs to do our
analysis. We assessed much of the protected area data based on their IUCN category, since the
177 protected areas are varied in type, size, and function. IUCN designates protected areas on a
scale from | to VI, and then some of the protected areas are not classified nor reported. Category
Ia is the most protected as a “Strict Nature Reserve” with decreasing amounts of protection as the
category number increases (II, for example, are “National Parks”, while those classified as VI are

“Protected Areas with sustainable use of natural resources” (IUCN 2017).

5.2.4 Topography and Climate

A digital elevation model (DEM) was derived from radar data collected in 2000 by
NASA'’s Shuttle Radar Topography Mission, at 30 m x 30 m resolution. From this DEM,
topographical patterns were assessed across the country.

For climate data in current and future scenarios, WorldClim BioClim version 1.4
variables were used. WorldClim is a set of global climate layers (gridded climate data) with a
spatial resolution of about 1 km? (Hijmans et al. 2004). Monthly averages were downloaded, and
then mean annual temperature and total annual precipitation were calculated.

5.2.5 Population

Population data was collected from the LandScan project of the Oak Ridge National
Laboratory. Landscan has globally gridded datasets on population 1 km? since 1998. Using the
2000 and 2016 datasets, we looked at patterns of population and change. A raster layer was

created from the difference between the two endpoints of our time series. Generally, LandScan
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does not recommend using their data for change over time, but we think it can draw some
interesting comparisons between near-current values of population in Costa Rica that matches up
with the latest accessible forest cover datasets. These layers were assessed at the province and
protected area level, both in terms of the total population count, and the densest population pixel

in the region in question.
5.2.6 Fires

Fire data was collected through the Fire Information for Resource Management System
(FIRMS), and utilized two different fire products. For recently-sensed fires, 2012-2016, the
Visible Infrared Imaging Radiometer Suite (VIIRS) 375 m active fire product (Schroeder et al.
2014). The VIIRS sensor is aboard the joint NASA/NOAA Suomi National Polar-orbiting
Partnership (Suomi-NPP) satellite. MODIS FIRMS fire data was also utilized to get an idea of
the overall time period 2000-2016, although at a larger, 1 km scale (Giglio et al. 2003, Giglio,
Csiszar, and Justice 2006). We assessed the MODIS fire data for the longer time scale, but the
higher resolution VIIRS data is better at detecting smaller-scale fire and allows for improved
detection of burn area perimeters. Because of this, the VIIRS data is useful for real-time
management. We downloaded fire data for the years 2000-2016 to match our years of forest

coverage.

5.2.7 Data analysis

All remote sensing layers have been processed, analyzed, and assessed in a combination
of ENVI and ArcMap software. The layers were clipped to the extent of the country of Costa
Rica, then processed. The data is then extracted and analyzed further in Excel, R, and

Kaleidagraph (R Core Team). By comparing non-protected areas to areas under protection, we
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can examine the changing landscape heterogeneity, frequency of fires, and successional stages of
forest diversity, health, and extent, and how this is related to the nearby human population. For
data that we had multiple time slices for, like NDVI and population, we utilized paired t-tests to
see if there was significant change over the regions of interest. For other data, like elevation and
area that were constant over the time period, we ran regressions and calculated Pearson’s
correlations with other variables like population, fire frequency, and forest area lost to test the
strength of relationships. In doing so, we aimed to recognize patterns unique to the Protected

Areas and also derive patterns of occurrence across the country.

5.3 Results
5.3.1 Topography and Climate

Across the country of Costa Rica, topography is fairly variable, with a major mountain
chain crossing the middle of the country. Many of the protected areas are along the perimeter of
the country, in the lowlands, but notably much of the highlands are covered by some sort of
protection (Figure 16, Figure 28A).

According to downloaded WorldClim data annual mean temperature across the country
ranges from 4 to 27° C, while total annual precipitation ranges from 0 to 272 cm (Hijmans et al.
2004). Due to the ranges of topographical and climatic variables, there are highly varied
landscapes that cover many different life zones and biomes. In general, precipitation is highest
on the western side of the country, facing the Caribbean Sea, while the eastern side of the

country tends to be drier.
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5.3.2 Forest Coverage and Loss

Regional Forest Coverage and Forest Loss

The forest coverage percentage for each protected area was calculated from the Hansen
dataset (Figure 17). We looked at various forest variables at the country, province, and district
levels, as well as solely within the PAs. For the overall country, there was an average of 66%
forest coverage, with ~2459.2 km? of forest loss over the 2000-2016 time period, and 452.7 km?
of forest gain (Table 8, Table 9). This is a rough overestimation since the pixels in actuality are
smaller than 30 m resolution. The number of pixels that changed are reported in Table 8. The
county was then assessed at the province level and within protected areas.

At the province level, the province with the highest forest coverage was determined to be
Limon on the Eastern side of the country at ~82%, while Guanacaste on the western coast had
the least forest coverage at ~46% (Table 8). At the provincial level, we were able to compare
with a similar dataset from Sanchez-Afofeifa et al., 2001, which shows that our forest coverage
percentages was determined to be much higher, since all of the points fall under the 1:1 line
(Supplementary Figure S2, (Sanchez-Azofeifa, Harriss, and Skole 2001).

Table 8. Costa Rica Province forest data: topography, NDVI in 2000 and 2016, 2000 Forest cover

percentage, and forest gain and loss over 2000-2016 in km?and in percentage of total province.
land-area. To see the breakdown at the PA level, please see Appendix 1.

Elev | Elev Forest Forest | Forest | Forest | Forest Pop- Pop-
. NDVI | NDVI | Cover . . g .

Province Max | Mean 2000 2016 | 2000 Gain Loss Gain Loss ulation | ulation

(m) | (m) (%) Pixels | Pixels | % % 2000 2016
Alajuela 2706 422 0.69 0.68 61.3 94696 672899 0.74 5.26 | 654855 982195
Cartago 3656 674 0.76 0.74 78.4 7978 70345 0.2 1.78 | 424749 508586
Guanacaste | 2011 272 0.61 0.63 46 | 73177 | 443933 0.56 341 | 297652 | 367518
Heredia 2903 634 0.71 0.74 75.8 13732 137754 0.41 41 | 261409 480280
Limon 3749 794 0.76 0.77 82.6 | 56938 | 420198 0.49 359 | 239974 | 434997
Puntarenas | 3283 577 0.7 0.7 70.8 | 243551 738608 1.7 5.14 | 385334 445137
San José 3803 734 0.7 0.69 69.5 | 12941 | 248701 0.2 3.91 | 1401462 | 1625575
Country 3803 561 0.695 0.699 66.8 | 503013 | 2732438 | 0.7672 | 4.1677 | 3665435 | 4844288

100



100

Forest Coverage % in 2000

Table 9. Entire country of Costa Rica versus just Protected Areas: NDVI in 2000 and 2016, 2000
Forest cover percentage and standard deviation.

2000 2000
NZODSQ '\égl\gl NDVI NDVI Forest Forest
2000SD | 2016 SD | coverage | coverage
Mean Mean
% SD
Costa Rica | 0.695 0.699 0.159 0.183 66.752 38.187
PAs 0.573 0.595 0.355 0.370 69.212 23.620

Figure 17. Forest Cover percentage in 2000, with darker green being more forested and browns
less forest cover. Figure B shows the percentage coverage by province. Figure C shows the layout
of the provinces.
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In terms of forest gain and loss at the province-level, we looked at percentage of gain and
loss in terms of the total province-area so as to standardize the data (Figure 18A and B, Table 8).
These numbers were calculated comparing the lost forest pixels for each year 2000-2016 and
comparing it to the pixels with no change or gain. In terms of forest gain, Puntarenas had the
largest percentage of gain, 1.7%, with Cartago and San Jose tied for the least at 0.2% gain. For
percentage lost, Alajuela had the most forest loss (5.26%) closely followed by Puntarenas
(5.14%) during this time period, while Cartago had the least (1.78%) (Table 8). Figure 19 shows
forest loss colored by year of occurrence, with yellow shades occurring in the early 2000s, and
more blue colors occurring in recent years. Deforestation has occurred in small patches across
the entirety of the country and for possibly different reasons. Subset 19C had more deforestation
during the first half of the time range, and subset 19D had more change towards the second half
of the time range. Statistically, the occurrence of deforestation did not have a pattern over time.
However, most deforestation during this time period within the country occurred during the years
of 2008-2009 (Figure 19B).

Figure 18. Province level forest change. A is forest gain as a percentage of the total area of the

province. B is forest loss as a percentage of the total area of the province.
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Figure 19. Forest loss from 2000-2016, colored by year. Annual pattern of forest area loss is in B.
C and D are subsets of the larger image, with A having more deforestation during the first half of
the time range, and B having more change towards the second half of the time range.
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Protected Areas- Change in forest cover by IUCN Categories

Forest coverage varies based on IUCN designation (Figure 20A-C). IUCN designated
protected areas are on a scale from | to VI, and then some of the protected areas are not classified
nor reported.
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0.3

0.25

0.2

0.15

0.1

0.05

Figure 20. Protected areas analyzed by IUCN categories (NA is Not Applicable and NR is Not
Reported). A is Forest cover percent- error bars are one standard deviation. B is percentage of
forest gain in relation to the total area of that category, and C is a similarly calculated percentage
for forest loss. For B and C, the main bar graph is the percentage, while the insets are for the area
of gain or loss in km?. Please note the difference in Y-axis range for B and C, there was much
more forest loss than gain across the protected areas over this 16-year period. See Table 10 for the
meaning of the IUCN categories.
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Category Ia is the most protected as a “Strict Nature Reserve” with decreasing amounts of
protection as the category number increases (II, for example, are “National Parks”, while those
classified as VI are “Protected Area with sustainable use of natural resources”).

Across the types of IUCN Categories, we have decently high numbers of forest coverage
percentage, as they are afforded some type of protection (Figure 20A). Categories Ib (Wilderness

Areas) and 1V (Protected area with sustainable use of natural resources) had the highest
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percentage of forest cover in 2000, with 82.9% and 79.7% respectively (Table 10, Figure 20A).
However, when we look at the total area of forest change since then, we see that IUCN category
of IV (Habitat/ Species management Area) had the most forest lost at ~80.5 km?, and category la
has the least in total area lost at just 1.5 km? (Table 10, Figure 20B & C). For Figure 20B and
20C, the main bar graph is the percentage, while the insets are for the area of gain or loss in km?2.

In terms of percentage forest loss of the total area across all PAs with their particular
designations, Ib (Wilderness Area) had the highest percentage loss at 13.5% of the total area of
the Ib areas. In terms of total forest gain, IUCN category Il (National Parks) gained ~7 km? of
forest, and NR (non-reported) gained ~9 km? of forest. Percentage of total PAs with the
designations, category la (Strict Nature Reserve) and non-reported had the highest percentage
gain, with 0.26% and 0.24%, respectively. In general, across Costa Rica as a whole and within
provinces and PAs, there was much more forest loss than gain over this 16 year period. Please
note the difference in Y-axis range for Figure 20B and 20C, there was much more forest loss
than gain across the protected areas over this 16-year period.

Table 10. Protected areas by IUCN Category: Forest gain, loss, and 2000 coverage percentage.

Loss Gain Loss Forest
C:iltJeci)\lr Description of Gainin in Area Area Gain | Loss | Coverag NEI)V NDVI
9OTY 1 JUCN Category | Pixels | Pixel | ~(Km? | ~Km? | % % | e2000 2016
of PAs 2000
S ) ) %
la Strict Nature 1042 | 1676 | 0938 | 1508 | 026 | 042 | 4953 | 0528 | 0.562
Reserve
Ib Wilderness Area 9 2979 0.008 2.681 0.04 13.51 82.91 0.748 | 0.634
| National Park 7943 21852 7.149 19.375 0.06 0.16 60.05 0.545 | 0.569
v Habitat/ Species | ,e0q | 8944 | 539 | goag9 | 011 | 36 | 7647 | 0.684 | 0711
management Area 3
Protected area with 3035
Vi sustainable use of 3163 7 2,847 | 27.321 0.06 0.61 79.67 0.711 | 0.740
natural resources
Not 4681
Applicabl 0 9 0 42.137 0 0.39 38.68 0.345 | 0.362
e
Not 10417 | ™ | 9375 | 43830 | 024 | 112 | 6531 | 0.638 | 0.656
Reported 0
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5.3.3 Normalized Difference Vegetation Index (NDVI)

NDVI has increased over the 16 year period, both at the overall country level and within
the areas with a protected designation (Figure 21). For the country of Costa Rica, overall NDVI
increased 0.004 from 0.6954 to 0.6994 over the time period. During this time, the NDVI within
all of the PAs increased from 0.5729 to 0.5995. However, when looking at the PA’s individually
and utilizing a paired t-test, we found that on average they significantly decreased by roughly
0.0226, with a t-value of -6.7415 and a p-value < 0.001 (Appendix 1). However, while the mean
NDVI has increased, the standard deviation of the NDVI values has also increased at both the
country and PA level, meaning that the overall heterogeneity of the area has increased and the
land is more variable. (Table 9). When the PAs were categorized by their IUCN categories, we
generally found a decrease of -0.00499, but it was insignificant, with a t-value of -0.25034, and a
p-value = 0.8107, using a paired t-test.

NDVI change over the provinces over the 16-year period revealed differences in
greenness over time (Figure 22). The provinces that increased in greenness values were Heredia,
Guanacaste, Limdn, and Puntarenas. The provinces that decreased in greenness values were
Alajuela, San Jose, and Cartago. From a paired t-test, it was determined the provinces decreased
insignificantly by -0.0029, with a t-value of -0.42 and a p-value = 0.69.

However, when we compare the NDVI results to the percentage of forest cover lost or
gained at the province-level, they tell different stories. The province with the most percentage
lost is clearly Alajuela and Puntarenas, which also had the smallest change in NDVI, negative
and positive, respectively (Figure 18 & Figure 22). Puntarenas, however, displayed the highest

percentage of forest gain. Figure 21D shows a zoomed-in subset of Braulio Carrillo National
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park, which based on the dominance of red, generally increased in NDVI over the time period,
although there are a few patches of blue, indicating a decrease in greenness in those pixels.

Figure 21. Normalized Difference Vegetation Index (NDVI) over the country. A was from 2000
data, B was calculated from 2016 data. C and D are the NDVI change over the period, a positive
number or red color indicates an increase in greenness in that pixel, while a negative number of
blue color indicates loss of greenness. D is a subset of C, focusing in on Braulio Carrillo National
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NDVI 2016

Figure 22. Normalized Difference Vegetation Index (NDVI) over the country. A has the
provinces sorted by how much change in NDVI occurred. B and C compare the NDVI from
2000 to 2016, with B occurring at the province level and C at the protected area level.
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5.3.4 Population

Population is highest in the central part of the country, mainly surrounding the capitol of
San Jose (Figure 23). Several other clumps of higher population density occur near other major
cities including Liberia, Punta Arenas, and San Isidro. In general, the protected areas tend to
have low population density. Higher numbers of population were found at the higher elevations,
but the provinces have large differences between the mean and maximum elevations, so there is a
wide range of topography (Table 8). The provinces of San Jose and Alajuela had the highest
amounts of people living within them, and Guanacaste province had the least.

Figure 27 depicts the province level relationships between 2016 population and elevation.
Both plot the province using the maximum elevation within the province versus either the mean
population pixel (r? = 0.362) or the total population (r?> = 0.3237). In general, there are higher
levels of population at higher elevations, contrary to assumptions. Looking at protected areas,
very few people live in IUCN categories la and Ib, which are afforded the most protection under
their IUCN designations, while the highest number of people living in protected areas in 2016
resided in category VI or 1l (Figure 23C).

Using a raster layer created from the difference between the 2016 and 2000 population,
we looked at the change in population over the country. Across the whole country, population
increased by 1,182,389 between 2000-2016 (Table 8). However, this was distributed unevenly
across the provinces (Figure 24A, Appendix 1). The provinces that had the most increase in
humans were Alajuela and San Jose, while Puntarenas, Guanacaste, and Cartago increased the

least.
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Figure 23. 2016 population from LandScan data. The darker the orange, the higher the
population per pixel. B categorizes the population numbers by province, while C analyzes the
protected areas in terms of their IUCN category.
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Figure 24. Population change 2000-2016. A looks across provinces, B looks across IUCN
Category of the Protected Areas, and C looks at the distribution of the PAs.
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Protected areas, however, behaved very differently during the years 2000-2016 (Figure 24B and
24C). In general, the PA’s seem to have mostly decreased in population, although some have
increased, so the distribution in Figure 24C is centered around zero change. Using a paired t-test,

we found no significant change across all of the PAs (t-value 1.47, p-value = 0.144). When the
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PAs are categorized into their respective IUCN categories, on average the PAs all lost many
humans during this time period, particularly from IUCN category Il, VI, and NR. However,
while these categories seemed to have lost people over this time period, they were still the most
populated IUCN categories in 2016 (Figure 23C).
5.3.5 Fires

VIIRS fire data for the period of 2012 -2016 was used for this analysis, as well as
MODIS data for the full time period. It is apparent that fires are a common occurrence in Costa
Rica. In Figure 25, you can see the spatial distribution of fire over the last 16 years tends to be in
the lowlands and on the western, drier, side of the country, specifically in Guanacaste and
Puntarenas. The eastern side of the country, bounded by the Caribbean Sea, and tends to be
wetter than the leeward side of the central mountain range of the country, as well has a higher
precipitation seasonality using Worldclim data. Throughout the country, there were 6,404 fires
detected over the 2000-2016 year period (Table 11). In protected areas only, there were 1,175,
only 18.3% of the total fires in the country during this period. At the provincial scale,
Guanacaste and Puntarenas had the highest amount of fires. There was no discernible
relationship between human population and the amount of fire, neither at the province level or
within the protected areas (Table 11, Appendix 1). The fires predominately were focused in
lowland coastal areas and rarely at high elevations. There was not a noticeable pattern of
increasing or decreasing fires during this time period, but we found the years of 2009 and 2013
to have the highest fire counts across the country (Figure 26A). There was a negative correlation

of -0.251 between fires detected within that year and forest area lost (Figure 26C).
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The PAs with the highest fire counts during the study period were Coco’s Island, the

Palos Verdes

thin

ions wi

Corredor fronterizo (estatal) [Border Corridor] and multiple designat

[National Park, and a non-reported RAMSAR site of International Importance].

Figure 25. Fires from A) MODIS FIRMS (2000-2016) and B) VIIRS database from (2012-

ived
ince

topography der
from MODIS at the prov

. Color underlay is

d by a range of years
16. Graphs of the number of f

VAS

colored by year or categor

2016)

Ires

igure

inF

layed
C and IUCN Category of protected areas in D.

isp

from SRTM d

in

level is
MODIS Fires

2013

(]

2000 - 2004

2014 N
A 0 25 50 100 Km

(o]

2005 - 2008
2009 - 2012
2013

o

2015
2016

]
L]

N

-]

2016

XA LLLILE
SRS

s

NA NR

Vi

2

S5

Sel

3%
s

v
IUCN Category

2
©
o o o o o o o o
Ln o Lo o n o Te)
™ ($0] (q\] (qV] — —
9T0¢Z-000¢ Wuno) allH
9sor ues
SRR seual mu un &
uowi Q
=
>
epaleH 2
o
alseoeuens
obene)n
elanlely
o o o o o o o o
o o o o o o o
Te) o [Te) o L0 o Te}
m ™ N N — —
9T02-000¢ 1uno) allH

113



Table 11. Fire count by country, protected
areas all together, and provinces. To see the

Table 12. Country level annual forest
change and fire count since 2001 from
MODIS. Utilized in Figure 26.

breakdown at the PA level, please see Area
Appendix 1. Year | Pixels | (~km2) | Fires
2001 | 207605 | 186.8445 832
- - 2002 | 179274 | 161.3466 733
Sampling Total Fires
Level 2012-2016 2003 | 110532 | 99.4788 | 1653
Costa Rica as a 2004 | 132688 | 119.4192 1496
Country whole 6404 2005 | 225919 | 203.3271 1076
Protected Total in 2006 | 134980 | 121.482 948
Areas Protected Areas 1175 2007 | 153947 | 1385523 | 1135
E;gmgg é;?’t:;f 825 2008 | 295430 | 265887 | 826
Province Guanacaste 3052 009y 301030 | 270.927 1076
Province Heredia 72 2010 | 176371 | 158.7339 969
Province Limon 148 2011 | 141687 | 127.5183 802
Province Puntarenas 1844 2012 | 141135 | 127.0215 1232
Province San José 372 2013 | 115615 | 104.0535 1733
2014 | 167793 | 151.0137 1366
2015 47520 42.768 1578
2016 | 199640 | 179.676 1670
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Figure 26. Annual Pattern of Fires. A compares MODIS fire counts (2000-2016) to VIIRS fire
counts (2012-2016). B compares Annual MODIS-sensed fire to area lost annually across the
whole country. C shows the direct negative relationship between fire frequency and area lost
annually within the country, with an r2?of 0.251.
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5.4 Discussion

5.4.1 Forest cover change in Costa Rica, Provinces, and Protected Areas

Deforestation has been occurring over the entirety of the country of Costa Rica since
2000. Deforestation has occurred in small patches across the entirety of the country and for
possibly different reasons. Subset 19a had more deforestation during the first half of the time
range, and subset 19b had more change towards the second half of the time range. If we examine
the shapes of the forest loss, Figure 19C has more irregular shapes, while 19D has more regular
rectangular shapes, likely cleared for agriculture or rangeland for cattle. The differing reasons for
deforestation outside of protected areas makes conservation difficult to achieve. However,
utilizing these GIS and remote sensing technologies makes assessments and monitoring of
impact more repeatable over time.

At the province level, the province with the highest forest coverage was determined to be
Limon on the Eastern side of the country at ~82%, while Guanacaste on the western coast had
the least forest coverage at ~46% (Table 8). At the provincial level, we were able to compare
with a similar dataset from Sanchez-Afofeifa et al., 2001, which shows that our forest coverage
percentages was determined to be much higher, since all of the points fall under the 1:1 line
(Supplementary Figure S2) (Sanchez-Azofeifa, Harriss, and Skole 2001). It is possible that since
that paper was published in 2001, utilizing data from 1986-1991, the provinces all increased their
percent of forest cover by 2000, when the Hansen coverage was calculated (Hansen et al. 2013).

Within protected areas, Categories 1b (Wilderness Areas) and IV (Protected area with
sustainable use of natural resources) had the highest percentage of forest cover in 2000, with
~82.9% and ~79.7% respectively (Table 10, Figure 20A). However, when we look at the forest

change since then, we see that Ib actually has a high percentage of forest loss and the smallest
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amount of gain (Figure 20B and C). But if we look at the total area lost from the subset of figure
20C, we see that it is actually a very small area in comparison to the rest of the categories.
Conversely, category la has a small amount of actual area gained but it is actually a large
percentage of the area of la PAs (Figure 20B). Across Costa Rica as a whole and within
provinces and PAs, there was much more forest loss than gain over this 16 year period.

In a study that looked at protected areas in the Amazon, Congo, South American Atlantic
Coast, and West Africa (noticeably excluding central America that includes Costa Rica), it was
found that there are differences across these regions. In the Amazon and the Congo, the protected
areas tended to have similar low deforestation rates around their borders, meaning that just
location of the protected areas may limit human exploitation as they may be located on steep
slopes or have poor soil (Joppa, Loarie, and Pimm 2008). However, they also found in West
Africa and the Atlantic Coast in Brazil showed sharp boundaries in forest cover around the
reserves, meaning some protected areas were actively exploited immediately outside of the
zone of protection (Joppa, Loarie, and Pimm 2008). In a study based specifically in Costa Rica,
they looked at the protection afforded by PAs from 1960-1997, and determined that the presence
of PAs reduced deforestation and that ~10% of the forests within the PAs during this era would
have been deforested if they were not protected (Andam et al. 2008, Pfaff et al. 2009). They also
found that the spillover protection in boundaries nearby PAs was neglible.

In the decades since the time period covered by the Andam et al. study (2008), | think we
found a combination of factors affecting the protected areas in Costa Rica. In general, there was
definitely more deforestation outside of the protected areas during this time, and within the PAs,
particularly along the central corridor, tended to have very high percentage of forest cover.

However, this central area follows along a ridge across the country, which makes the area more
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inaccessible for human residence. While the count of protected areas is skewed towards the
lowlands having more actual designated areas, the PAs in the highlands are much larger (Figure
27A and 27B). Figure 27A shows the distribution of the number of PAs at various elevations,
and Figure 27B shows the size of the smallest PA within categories based on elevation class of
the maximum elevation within the PA. Clearly, the high elevation sites above 3000 m only have
large PAs. Previous studies predicted that deforestation will continue to occur, and while
protected areas may be spared, surviving forests outside of protected areas will increasingly be
concentrated in steep, remote, infertile, or hyper-wet areas not as ideal for human usage
(Laurance, Sayer, and Cassman 2014, Sanchez-Azofeifa, Harriss, and Skole 2001). This appears

to be the case in Costa Rica.

5.4.2 Changes in NDVI in Costa Rica and Protected Areas

NDVI increased over the 16 year period, both at the overall country level and within the
areas with a protected designation when combined (Figure 21). For the country of Costa Rica,
overall NDVI increased 0.004 from 0.6954 to 0.6994 over the time period. During this time the
NDVI within all of the PAs increased from 0.5729 to 0.5995. However, when looking at the
PA’s individually and utilizing a paired t-test, we see that on average they significantly
decreased by roughly -0.0226. When the PAs were categorized by their IUCN categories, we
generally found a decrease of -0.00499, but it was insignificant. These two results mean that the
protected areas generally significantly decreased in their greenness values, but it was not
specifically due to their IUCN designation. However, while the mean NDVI has increased, the
standard deviation of the NDV1 values has also increased at both the country and PA level,

meaning that the overall heterogeneity of the area has increased and the land is more variable.
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(Table 9). This could be due to forest degradation or loss of quality forest stands, possibly
because of selective logging or other human impact. In addition, increases in NDVI greenness
values are not always indicative of afforestation. In Figure 21, some brown areas in the 2000
NDVI colored classification changes to greener, higher NDVI value by 2016, but this likely was
a conversion to agriculture. It has been suggested that while tropical nations develop
economically and become increasingly urbanized, they might experience land-use transitions that
allow for a partial recovery of their forest cover. However, where this forest recovery occurs, it is
often based on monoculture plantations or other agriculture or secondary forest, which may have
different implications on ecosystem services and fauna in the area (Lambin and Meyfroidt 2010,
Laurance, Sayer, and Cassman 2014, Rudel 2005).

NDVI change over the provinces over the 16 year period revealed differences in
greenness over time (Figure 21 & Figure 22), but insignificantly based on the t-test statistics. The
provinces that increased in greenness values were Heredia, Guanacaste, Limon, and Puntarenas.
The provinces that decreased in greenness values were Alajuela, San Jose, and Cartago. These
three provinces that had decreases in their NDV1 seem to be the landlocked provinces in the
central part of the country of Costa Rica, while the ones that increased tended to be on the coast,
with the exception of Heredia.

However, when we compare the NDVI results to the percentage of forest cover lost or
gained at the province-level, they tell different stories. The province with the most percentage
lost is clearly Alajuela and Puntarenas, which also had the smallest change in NDVI, negative
and positive, respectively (Figure 18 & Figure 22) Puntarenas, however, displayed the highest

percentage of forest gain. Figure 21D shows a zoomed-in subset of Braulio Carrillo National
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Park, which based on the dominance of red, generally increased in NDVI over the time period,
although these a few patches of blue, indicating a decrease in greenness in those pixels.

In general, NDVI seemed to increase over the time period of 2000-2016, but there were
differences between different provinces (Table 9, Figure 21-22). At the province and protected
area level, there are regions where there was increased and decreased greenness (Figure 22A-C).
However, this makes them fall around the 1:1 line, so in general there is not much of a strong
relationship for the provinces (Figure 22B). For protected areas, the trend is slightly above the
1:1 line, indicating a slight increase in NDVI values in a majority of the protected areas during

the 2000-2016 period.

5.4.3 Population in Costa Rica and Protected Areas

Population is highest in the central part of the country, mainly surrounding the capitol of
San Jose. Several other clumps of higher population density occur near other major cities
including Liberia, Punta Arenas, and San Isidro. In general, the protected areas tend to have low
population density. Higher numbers of population were found at the higher elevations, but the
provinces have large differences between the mean and maximum elevations, so there is a wide
range of topography (Table 8).

The provinces of San Jose and Alajuela had the highest amounts of people living within
them, and Guanacaste province had the least (Figure 23B). Looking at protected areas, very few
people live in IUCN categories la and Ib, which are afforded the most protection under their
ITUCN designations, as “Strict Nature Reserves” and “Wilderness Area” (Figure 23C).
Specifically, category la regions are set aside to as strict protectors of biodiversity, and human

visits and usage are highly managed and controlled. Category Ib contains areas that may have not
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been altered or only slightly, so as to retain their natural character without permanent nor
significant human habitation (IJUCN 2017). Some of the Costa Rican category la include a few of
the tiny islands, like Isla del Cafio and Isla Guayabo, while category Ib includes places like the
Lapa Rios Reserve. There are only two category Ib protected areas in Costa Rica, so that is
another reason why they have lower total population numbers than some of the other protected
areas. The highest number of people living in protected areas reside in category VI, “Protected
Area with sustainable use of natural resources,” which allows for the conservation of habitats,
along with associated cultural values and traditional natural resource management systems
(TUCN 2017). Some examples of the Costa Rican category VI areas include Cordillera VVolcanica
Central, which takes up much of the central portion of the country, many river systems, and a
portion of Tortuguero, predominately a National Park but also a popular tourist beach and
reserve on the Caribbean side of the country (Appendix 1).

During the years 2000-2016, the human population increased by 1,182,389, distributed
unevenly across the provinces. San Jose and Alajuela provinces had the most increase in human
population, which is unsurprising as San Jose is the capitol city, while nearby Alajuela is home
to the main international airport. Puntarenas, Guanacaste, and Cartago provinces had smaller
increases in human population over the time period.

Protected areas, however, behaved very differently during the years 2000-2016 (Figure
24B and 24C). In general, the PA’s seem to have mostly decreased in population, although some
have increased, so the distribution in Figure 24C is centered around zero change. When the PAs
are categorized into their respective IUCN categories, on average the PAs all lost many humans

during this time period, particularly from IUCN category 1l, VI, and NR. However, while these
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categories seemed to have lost people over this time period, they were still the most populated
IUCN categories in 2016 (Figure 23C).

One study that looked at human impact on IUCN categories noted that the categories do
not correspond directly to some sort of gradient of “naturalness.” [IUCN categories Ia tended to
have a higher “human footprint” than expected, while category V1 tend to have low human
footprint and also tend to be larger than PAs of other categories (Leroux et al. 2010). In our
study, the large Cordillera VVolcanica Central, category VI, has a high population of 7238, but the
highest population pixel is not near the top when we look at the maximum populated pixel
(Appendix 1). It covers a huge portion of land, but generally has low population density. In
general, we found that within PAs, the larger the area, the higher the human population within it,
with an r? of 0.437 (Figure 27D). We also found a pattern with generally higher human
populations within PAs at higher elevations, but the relationship was not very strong, r?> =0.158

(Figure 27C).

5.4.4 Fires in Costa Rica and Protected Areas

It is apparent that fires are a common occurrence in Costa Rica. At the country level,
there was not a noticeable pattern of increasing fires during this time period, but we found the
years of 2009 and 2013 to have the highest fire counts (Figure 26A). The negative relationship
between fires detected within that year and forest area lost, which suggests that fires are not the

root cause of the deforestation (Figure 26B and 26C).

The distribution of the fires are mostly on the western side of the country and is reflected
in the numbers in Table 11, specifically for the Guanacaste and Puntarenas provinces. While

these two provinces had much higher fire occurrence during this period, they are also the two
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largest provinces, so more fire occurrence may not be so surprising. In addition, they are on the
leeward side of the central Costa Rican mountain range and thus contain more dry forest than
rainforest like in the western portion of the country. In Figure 25, you can see the spatial
distribution of fire over the last 16 years tends to be in the lowlands and on the western, drier,
side of the country, specifically in Guanacaste and Puntarenas. The eastern side of the country,
bounded by the Caribbean Sea, and tends to be wetter than the leeward side of the central
mountain range of the country. Past research has found that Central America seems to experience
fires in dry forest at a similar rate to other dry forests globally, at roughly 20% of the area
affected (Miles et al. 2006). While fire is a natural occurrence in dry forests like those on the
western side of Costa Rica, this global study, they determined that fires can have a widespread
and significant impact on dry forest coverage, even at the temporal scale of just a few years.
When fire frequency increases, possibly due to anthropogenic reasons, the trees may not be able
to regenerate and forest cover can decline over time (Miles et al. 2006). Throughout the country,
there were 6,404 fires detected from 2000-2016 (Table 11). In protected areas only, there were
1,175, only 18.3% of the total fires in the country during this period. Past studies have found
fewer fires or less frequent fires occur in protected areas in the Amazon (Nepstad et al. 2006).
This may also apply to protected areas in Central America, like Costa Rica.

Because of this, it may be assumed that protected areas in Costa Rica are less likely to be
inflicted with lots of fires. However, there is also a possibility that there are better fire

management practices in effect to rapidly put out fires in these types of areas.
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Figure 27. Further Population Analysis. A and B are at the province level, C and D is for
Protected Areas. A utilizes the mean pixel value for population over the entirety of the province,
with an r? of 0.362. B utilizes the total population compared to the maximum elevation of the
province, with an r 2 of 0.237. C looks at population within PAs based on the maximum elevation
in the PA with an r2 of 0.158, and D looks at the PA level for population based on area of the
PA, with an r 2 of 0.437.
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Figure 28. Distribution of protected areas (PAs). A utilizes the max elevation of the PA and
looks at the count of PAs across elevation, while B separates the PAs into classes based on their
maximum elevation and plots the minimum size of the PA.
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5.4.5 Possible sources of error

We used shapefiles of the various protected areas to do much of the analysis, but they can
be fairly small so some of the analyses may not readily apply. We tried to account for this by
looking at percentage of forest gain and loss instead of just the total amount. Also, the protected
areas tend to be placed in area lower than 500 m in elevation (Figure 27). However, if we look at
the size of the PAs, PAs located in higher elevation regions tend to be larger in size. In addition,
these protected areas span many different types of protection, besides just the IUCN
classification categories we used. There also may be inherent errors in the remote sensing
imagery that we would not be aware of. For example, the fire data assumes that once a pixel is

above a certain temperature threshold there is a fire, but this may not always be the case. Also,
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the forest dataset we used does a change detection for forest to non-forest conversion for “forest
loss” annually, and non-forest to forest pixel change for “gain” over the time period, but it is not
corroborated with ground data and may contain errors. However, it is a fantastic global product
and can readily show the use of remote sensing technologies to increase efficiency and

possibility of these large-scale landscape studies.

5.5 Conclusions

This dissertation chapter had four main research objectives. First, we examined forest
cover change in Costa Rica from 2000 to 2016 to assess if there had been significant changes in
provinces and protected areas. Second, we identified changes in NDVI in protected areas from
2000 to 2016. Third, we identified patterns in population within the country and within protected
areas. Fourth, we looked at patterns in fire frequency and extent within and outside protected
areas. Future work could look at when the protected areas were established, and identify a few
set up in recent years where we can assess the forest patterns before and after protection.

The first research objective found that deforestation has been occurring over the entirety
of the country of Costa Rica since 2000, with Figure 19 depicting each year of forest to non-
forest conversion using different colors, with yellow shades occurring in the early 2000s, and
more blue colors occurring in recent years. Deforestation has occurred in small patches across
the entirety of the country and for possibly different reasons. There has been some gain across
the country, but very limited when you compare the gain and loss as percentages of the total land
area (Figure 18). For protected areas, there has also been predominantly loss over the time period
(Figure 20B-C). Our second research question examined NDVI changes. In general, NDVI
seemed to increase over the time period of 2000-2016 for the entirety of the country and within

the protected areas, but individually they statistically significantly decreased by -0.0226. Based
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on IUCN category, we generally found a decrease of -0.00499, but it was insignificant. These
two results mean that the protected areas generally significantly decreased in their greenness
values, but it was not specifically due to their [IUCN designation. However, some provinces are
doing better than others, as nearly half of them decreased in NDVI values.

The third research objective noted that population was centered in a few major cities,
specifically San Jose. The two provinces that were the most populous were San Jose and
Alajuela. San Jose is the capital city and the nearby Alajuela province hosts the main
international airport. For humans living in protected areas, they were mostly found in IUCN
category VI, which signify “Protected Area with sustainable use of natural resources,” which
allows for the conservation of habitats, along with associated cultural values and traditional
natural resource management systems,” so it is unsurprising that these are the protected areas
with most human presence.. In general, we found that within PAs, the larger the area, the higher
the human population within it, with an r 2 of 0.437 (Figure 27D). We also found a pattern with
generally higher human populations within PAs at higher elevations, but the relationship was not
very strong, r 2 =0.158 (Figure 27C).

The final research question looked at the pattern of fire across the country of Costa Rica.
Fires during the 2000-2016 period were mainly in the lowland coastal areas, and focused on the
drier western portion of the country. The incidence of fire was found to be negatively correlated
with the forest area lost annually, with an r? of 0.25 there was less forest area lost in years with
higher fire frequency. This correlation does not imply causation and instead shows that the forest
loss is more likely due to forest conversion than fires.

This dissertation chapter examined the effect of protected versus non-protected status on

forest loss and land conversion. Developing an understanding of diversity and successional
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stages both within and outside of protected areas may give us some insight on how to best
manage tropical montane systems and may aid in developing conservation priorities, particularly

in the face of climate change.
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5.6 Supplementary Materials

Supplementary Figure S2: Comparison of province-level forest cover from 2000 to Sanchez-
Azofeifa et al., (2001) forest cover in 1991.
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Supplementary Table S1: Number of species sampled at each elevation site for wood density in
Chapter 5.

# of
Elevation Species
(m) measured
100 12
400 8
600 7
960 6
1500 9
2000 6
2400 5
2600 8
2800 8

Supplementary Table S2: Number of individuals sampled at each elevation site for wood
density in Chapter 5.

# Indiv
Genus Species sampled
Alchornea latifolia 27
Billia colombiana 12
Brosimum lactescens 7
Brunelia costaricensis 47
Casearia arborea 42
Casearia tacanensis 3
Croton schiedeanus 4
Drimys granatensis 29
Elaeagia nitidifolia 8
Guarea guidonia 7
Guarea rhopalocarpa 5
Hernandia ** 1
Hyeronima poasana 7
llex lamprophylla 17
Inga pezizifera 14
Inga thibudiana 10
Minquartia guianensis 20
Myrsine pellucidopunctata | 19
Pentaclethra macroloba 17
Pourouma bicolor 33
Protium glabrum 2
Protium pittieri 25
Protium ravenii 22
Saurauia rubiformis 18
Schefflera rodriguensiana 33
Tetrochidium euryphyllum 19
Turpinia heterophylla 8
Viburnum costaricanum 34
Weinmannia pinnata 34
Total 524
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Chapter 6: Conclusions
6.1 Rationale for these types of studies

The scope of this Ph.D. dissertation spans a range of topics from field ecological
questions to extrapolation mapping and quantitative ecology. The topics covered are temporally
relevant and will directly address important goals outlined in UN-REDD+ scientific plans.
Developing an understanding of diversity and successional stages both within and outside of
protected areas may give us some insight on how to best manage tropical montane systems and
may aid in developing conservation priorities, particularly in the face of climate change.

Costa Rica harbors high levels of biodiversity and endemism. While Costa Rica does tend
to have good conservation policies in place, understanding the patterns of plant diversity, forest
loss or conversion, human impact, and incidence of fires can allow for better management
priorities. Current technologies utilizing spaceborne or airborne remotely sensed imagery could
be very useful to study terrestrial processes and allow for better monitoring of patterns of forests,
both spatially and temporally. The ability of remotely sensed imagery to evaluate various
attributes of forest cover allows for larger spatial scales and finer temporal scales than possible
solely through ground collections. In addition, the standardization of data allows for systematic
assessment of land cover change. However, there are still limitations with current technology at
the global scale. Airborne data has had success with certain aspects at the local and regional
scale, but improvements need to be made for spaceborne satellites in order to improve
measurement accuracies. Additionally, the development of standardized protocols of field
collected training data is necessary globally in order to develop relationship and test accuracies.

Anticipated future advances in remote sensing will improve these challenging aspects of

land cover monitoring, including an increase in hyperspectral satellites, which have high
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sensitivity within the electromagnetic spectrum, improved temporal and spatial resolution of
spaceborne passive and active sensors, as well as increased computing algorithms to process
such large amounts of imagery. These improvements will allow for greater accuracy and smaller
time scales of changes in forest extent, impacts from disturbance like fires, and improved
monitoring of terrestrial aboveground carbon sequestration. In light of climate modeling
predictions and the added economic value of biomass due to UN-REDD+, forest biomass and
diversity needs to be assessed more accurately and monitored at various temporal scales to see
relevant changes.

Improvements in relating forest structure to plant diversity in highly complex and diverse
forest environments are critical to the science goals of the UN-REDD+ program as well as
national policies and for tropical forest research in general. This dissertation covered six chapters
across distinct but interrelated topics concerning the forest of Costa Rica, and sought to improve
the existing methodologies and compare results to other datasets. Ideally, this research will be
applicable to other environments with both field-collected tree inventory data and appropriate
remote sensing products, but some of the results did not even require ground truth data and relied

solely on available remotely sensed imagery.

6.2 Recap of results

The first chapter introduced the importance of understanding tropical forest diversity,
biomass, and carbon dynamics, as well as some specific to the country of Costa Rica. The second
chapter outlined the specific study area covered in Chapters 3 and 4 within Costa Rica’s Braulio
Carrillo National Park (BCNP), which protects a large elevational gradient from 55 to 2814 m

above sea level, and the adjacent La Selva Biological Station (LSBS). In addition, this study area
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chapter also discussed the country of Costa Rica in general, specifically in terms of forest
policies and protection. The middle three chapters cover methodologies that coupled remote
sensing imagery, GIS data, and field data to recognize patterns in tree growth, forest stand
dynamics, tree diversity, deforestation, human impact, and fire data. These three middle chapters
gave rise to several defined results, which will be mentioned below.

Chapter 3 utilized field inventory data coupled with large footprint (20 m) airborne lidar
data over plots over the BCNP elevational gradient in order to quantify variations in topography
and three-dimensional structure across plots and landscapes. A mid-elevation bulge in multiple
diversity indices was observed within the plots and landscape, which supports much of the
literature, as discussed above. Species richness and diversity were negatively correlated with
elevation, while the two tallest relative height metrics (rh100, rh75) derived from lidar were both
significantly positively correlated with species richness and diversity. The best lidar-derived
topographical and three-dimensional forest structural models showed a strong relationship with
the Shannon diversity index (r?> = 0.941, p < 0.01), with ten predictors; conversely, the best
species richness model was weaker (r? = 0.599, p < 0.01), with two predictors.

Chapter 4 analyzed wood density from 29 stand-dominant collected along the BCNP
elevational gradient. The patterns of species wood density and aboveground biomass from field
measured (tree cores) and database wood density values were assessed to examine how wood
density and biomass are affected by changing elevations, both intraspecifically and at the stand-
level. We found that wood density databases tended to have inflated values of wood density. The
patterns of species wood density and aboveground biomass from field measured (tree cores) and
database wood density values were assessed to examine how wood density and biomass are

affected by changing elevations. At the species-level, individual tree species did not exhibit
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significant changes in wood density along elevational gradients. At the stand-level, we found
wood density did not show a linear pattern with increasing elevations, but instead was highest at
both the lowest and highest elevations with a decline at mid-elevations. We found that TEAM
database values (0.60 g/cm?) were significantly higher than field measured wood density for 58%
of the species sampled, and that and estimates from the Global Wood Density Database had
significantly higher wood density for 50% of the same species. If we expand to just within 1
standard deviation from the mean, TEAM values were significantly different then 80% of the
species, and 69% of the Global Wood Density Database. Separating the individuals by diameter
class and selecting 10% of each of the classes resulted in the best method (r? = 0.98) for
reasonably capturing stand-level wood density. Our results suggest that there are decreases in
wood density at mid-elevations and that we are currently overestimating carbon storage in
montane forests in the tropics. We also suggested a method to collect estimates of wood density
for plots and carbon storage in other tropical forests.

Chapter 5 scaled the remote sensing analysis up to entirety of the country of Costa Rica
looking at general forest loss and conversion within and outside of protected areas at the 30 m
scale. In this chapter, | assessed the spatial patterns driving deforestation and afforestation across
Costa Rica and protected areas during 2000-2016. This analysis of forest change utilized
multiple remote sensing layers, including a Landsat-based dataset on forest coverage,
Normalized Difference Vegetation Index (NDVI), fire data, and human population. In addition, |
compared IUCN categories of protected areas to the country as a whole and by different
provinces. This project had four different main findings.

First, we found that deforestation has been occurring over the entirety of the country of

Costa Rica since 2000. There has been some gain across the country, but very limited when you
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compare the gain and loss as percentages of the total land area. For protected areas, there has
also been predominantly loss over the time period, but less so than in non-protected regions.
Second, NDVI increased slightly over the time period of 2000-2016 for the entirety of the
country and within the protected areas when averaged together (0.573 to 0.5995). When the PA
change was analyzed individually using a paired t-test found a significant decrease of -0.0226,
with a t-value of -6.7415 (p < 0.001). At the province level, it was determined the provinces
decreased insignificantly by -0.0029. On average, some provinces increased in NDVI while other
decreased. The third research objective noted that population was centered in a few major cities,
specifically San Jose. The country as a whole increased in population during this time, and all
provinces showed an increase in population. The two provinces that were the most populous
were San Jose and Alajuela, and they also increased the most during this time period. For
humans living within protected areas, they were mostly found in IUCN category VI, which
signify “Protected Areas with sustainable use of natural resources,” which allows for the
conservation of habitats, along with associated cultural values and traditional natural resource
management systems,” so it is unsurprising that these are the protected areas with most human
presence. In general, the PAs seem to have experienced a loss of human population during these
years, though it was found to be insignificant. The final research question of this chapter looked
at the pattern of fire across the country of Costa Rica. Fires during the 2000-2016 period were
mainly in the lowland coastal areas, and focused on the drier western portion of the country. The
incidence of fire was found to be negatively correlated with the forest area lost annually (r? =
0.25) there was less forest area lost in years with higher fire frequency. This correlation does not

imply causation and instead shows that the forest loss is more likely due to forest conversion
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than fires. This chapter provided a good overview of the status of the Costa Rican forest from

2000-2016.

6.3 Future Work

A large part of this project relies on remote sensing and GIS technologies, which allow
for the study of objects without direct contact. Because of this, it can allow for broad mapping of
forest extent, diversity, and ecological processes at a large scale more quickly than possible
solely through assessment on the ground. Ground measurements are expensive, laborious, and
time consuming as well as typically very limited spatially. Field collections have to be spatially
limited due to time constraints and labor input, and remote areas may be difficult to access and
sample; using imagery can allow for easier analysis of these areas without additional disturbance.
Because of this, remote sensing is a practical necessity to measure and monitor forests globally.
Monitoring forest biomass over regional and global scales is imperative with increasing concerns
about climate change, as more attention needs to be focused on accurately estimations of carbon
fluxes.

The methodology used within these chapters, particularly Chapter 5, can be replicated
across many other regions across the globe. Chapter 5 specifically uses all freely available, on-
demand data that is available at ~ 30 m resolution worldwide, from spaceborne satellites with
good coverage. This imagery can be downloaded and new analyses can be made for nearly every
terrestrial surface in the world. With more readily available data, like the fire data, which is
available every 24 hours with new detected fires or farther back in time reaching back to 2012, or
2000, depending on the sensor and the spatial resolution desired (Giglio et al. 2003, Giglio,

Csiszar, and Justice 2006, Schroeder et al. 2014).
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Unfortunately, lots of the forest in Costa Rica has already been lost, particularly in
premontane forest that is easily accessible to human impact. According to Sanchez-Azofeifa and
Quesada-Mateo (1995, Sanchez-Azofeifa, Harriss, and Skole 2001), there are several factors that
could continue to help mitigate rates of deforestation in Costa Rica. These possible
improvements include: 1) increased harvest efficiency to limit landscape degradation and waste;
2) more efficiency at the industrial level to increase yields at the sawmill; 3) increased
aspirations from rural populations to organize to protect forests; 4) increase in private reserves
(mainly for ecotourism reasons); 5) national government financial incentives to conserve forests;
and 6) joint conservation strategies for carbon sequestration purposes like those suggested
through the Framework Convention for Climate Change and the Kyoto Protocol.

In the decades since the Sanchez-Azofeifa et al. study (2001) that covered the time period
1986-1991, remotely-sensed imagery has become much more common and freely available, as
well as with increased spatial, spectral, and temporal resolutions and new technologies like fire
detection available every 24 hours. An increase in these different resolutions of available datasets
can allow for more systematic and accurate monitoring of forests globally. In addition, it allows
for more frequent analysis of the status of forests, at nearly real-time, within the country of Costa
Rica, regionally, and even globally. With more active monitoring of things like deforestation,
forest fires, patches of high diversity, areas of high carbon sequestration, may be able to more
quickly inform policy makers or be able to provide quick reports on the impact of newly

implemented policies.
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Appendix 1: Extracted information for 177 protected areas.

Max | Mean | Elev. | Total Forest | Forest | Forest Forest Pop Fires

IUCN | IUCN Elev. | Elev. | SD Area Loss Gain Cover Cover | 2016 | Change | 00- NDVI NDVI
Protected Area Cat. Designation (m) (m) (m) (Km2) | (Km2) | (Km2) | %2000 | %SD | Pop 16-00 16 2000 2016
Acuiferos
Guacimo y
Pococi VI Protective Zone | 1200 723 | 222 51.16 | 0.093 | 0.034 96.76 9.21 | 2050 1177 0 0.796 | 0.798
Aguabuena National
(privado) [\ Wildlife Refuge 544 209 118 226 | 0.248 | 0.011 79.11 | 29.08 8 -8 5 0.713 | 0.635
Alberto Manuel Biological
Brenes la Reserve 1621 | 1069 197 93.24 | 0.239 | 0.002 95.24 7.75 985 324 0 0.765 | 0.852
Ara Macao National
(mixto) NR Wildlife Refuge 272 93 59 1| 0.005| 0.000 84.18 | 32.95 6 0 0 0.704 | 0.748
Area de
Conservacion World Heritage
Guanacaste NA Site 1906 292 | 380 | 1798.22 | 10.525 | 0.110 23.29 | 39.43 35 -18 1 0.210 | 0.224
Areas anexas a
ASP NR Other Reserve 1061 510 | 171 197.8 | 1.887 | 0.665 84.09 | 2157 541 -588 44 0.779 | 0.829
Arenal Il National Park 1799 917 | 270 | 14477 | 0.621 | 0.036 85.86 252 | 1745 -3956 8 0.721 | 0.821
Arenal-
Monteverde VI Protective Zone | 1857 | 1212 | 304 | 338.87 | 0.737 | 0.039 9451 7.12 | 3196 266 0 0.812 | 0.865
Auviarios del National
Caribe (privado) v Wildlife Refuge 33 16 6 0.7 | 0.001 | 0.001 98.27 1.97 0 0.799 | 0.810
Bahia Junquillal National
(estatal) [\ Wildlife Refuge 298 125 69 537 | 0.182 | 0.004 85.69 19.2 8 -41 5 0.758 | 0.752
Barbilla Il National Park 1199 676 | 275 | 14254 | 0.224 | 0.001 97.48 6 363 -914 0 0.801 | 0.802
Barra del National
Colorado (mixto) | IV Wildlife Refuge 249 27 22 | 966.98 | 23529 | 0.577 77.74 | 3413 | 5012 =727 10 0.691 | 0.726
Barra Honda Il National Park 559 258 | 107 27.74 | 0.436 | 0.011 76.03 | 2252 31 -68 8 0.711 | 0.750
Boracayéan National
(privado) NR Wildlife Refuge | 1163 658 | 225 475 | 0.068 | 0.056 80.33 | 28.61 75 49 0 0.717 | 0.761
Bosque Alegre National
(mixto) [\ Wildlife Refuge | 1002 742 85 10.33 | 0.053 | 0.012 87.45 27.9 119 -959 0 0.733 | 0.795
Bosque
Escondido National
(privado) NR Wildlife Refuge 642 240 | 102 8.63 | 0.041 | 0.008 78.72 | 19.66 4 -43 3 0.777 | 0.786
Braulio Carrillo 1 National Park 2903 | 1199 | 581 | 563.95| 0.266 | 0.013 94.82 7.97 | 1609 -2794 0 0.799 | 0.839
Cabo Blanco la Nature Reserve 403 74| 111 35.06 | 0.139 | 0.013 38.78 | 47.24 4 -450 0 0.635 | 0.651

National

Cacyra (privado) | IV Wildlife Refuge 265 223 21 0.52 | 0.023 | 0.000 96.5 3.52 -69 0.634 | 0.675
Cahuita 1 National Park 34 1 3| 290.67 | 0.027 | 0.005 422 | 19.87 909 -68 1 0.350 | 0.366
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Caletas-Ario National
(mixto) NR Wildlife Refuge 31 0 2| 24238 | 0.074 | 0.194 0.9 8.85 53 3 0.794 | 0.918
Camaronal National
(mixto) NR Wildlife Refuge 201 77 56 293 | 0.002 | 0.101 69.05 | 41.16 1 278 0 0.036 | 0.035
Ramsar Site,
Wetland of
International
Cafio Negro NR Importance 65 46 5 87.78 | 1.413 | 0.357 62.8 | 39.26 816 -10 4 0.010 | 0.010
Cafio Negro National
(mixto) v Wildlife Refuge 67 43 7| 12144 | 4.405| 0.062 49.24 40.4 369 -24 11 0.695 | 0.725
Caraigres VI Protective Zone | 2507 | 1865 241 38.25 | 0.737 | 0.039 68.76 | 35.44 118 94 4 0.725 | 0.719
Carara 1l National Park 759 289 170 63.32 | 0.176 | 0.019 95.95 9.39 148 10 10 0.793 | 0.885
National
Carate(mixto) NR Wildlife Refuge 317 144 85 2.33 | 0.001 | 0.006 94,51 14.78 104 89 0 0.791 | 0.788
Cataratas Cerro
Redondo National
(privado) \Y Wildlife Refuge | 1324 977 202 7.89 | 0.038 | 0.001 96.3 3.43 2 -24 0 0.795 | 0.849
Cerro Atenas VI Protective Zone 1083 787 122 10.99 0.202 0.011 52.74 38.75 211 192 4 0.652 0.636
Cerro Dantas National
(privado) v Wildlife Refuge | 2093 | 2000 41 0.61 | 0.000 | 0.000 91.85 4.43 0 -1 0 0.844 | 0.896
Cerro de Escazl VI Protective Zone | 2431 | 1649 326 85.94 1.475 | 0.026 78.2 28.57 1920 1697 4 0.747 0.759
Cerro El
Chompipe NR Protective Zone 639 512 69 1.21 | 0.004 | 0.000 7463 | 31.77 3 -10 2 0.734 | 0.728
Cerro La Cruz VI Protective Zone 409 284 52 248 | 0.006 | 0.002 46.94 | 29.86 22 -40 2 0.603 | 0.633
Biological
Cerro Las Vueltas | la Reserve 3169 | 3013 97 9.77 | 0.002 | 0.002 88.99 5.65 32 11 0 0.827 | 0.869
Cerro Nara VI Protective Zone | 1093 561 205 28.16 | 0.066 | 0.000 96.68 9.36 135 -47 0 0.804 | 0.852
Cerros de la
Carpintera VI Protective Zone | 1882 | 1511 155 28.86 | 0.752 | 0.049 7243 | 3365 | 5759 2782 1 0.716 | 0.664
Cerros de
Turrubares VI Protective Zone | 1754 671 359 3413 | 0.194 | 0.008 95.82 8.9 26 -37 2 0.801 | 0.897
Chenailles National
(privado) NR Wildlife Refuge 270 210 74 5.81 | 0.114 | 0.001 57.74 | 28.99 148 63 5 0.653 | 0.663
Chirripd 1l National Park 3028 | 2235 553 | 596.13 | 0.673 | 0.186 81.99 | 2253 | 3725 1480 2 0.790 | 0.802
National
Cipanci (estatal) NR Wildlife Refuge 57 6 8 432 | 0.137 | 0.001 21.02 | 36.52 227 -63 28 0.282 | 0.309
Cocos Island World Heritage
National Park NA Site 2192.93 | 0.000 | 0.000 0 0 163 0.000 | 0.000
Corcovado 1l National Park 769 182 161 | 527.11 | 0.752 | 0.073 919 | 2155 | 1636 732 1 0.731 | 0.732
Cordillera
Volcénica Central | VI Forest Reserve 3350 | 1481 666 | 73252 | 2.125| 0.245 89.38 17.61 | 7823 -4008 1 0.759 | 0.807
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Corredor

fronterizo National

(estatal) v Wildlife Refuge 482 58 59 | 723.79 | 47.791 | 4.100 63.15 | 41.12 7240 -365 114 0.680 0.695

Costa Esmeralda National

(privado) v Wildlife Refuge 110 40 28 0.29 0.000 | 0.000 55.75 38.39 2 0.518 0.613

Cuenca del Rio

Abangares Vi Protective Zone | 1181 680 224 52.43 1.655 | 0.014 62.65 39.65 164 -112 2 0.702 0.726

Cuenca del Rio

Siquirres Vi Protective Zone 761 499 113 8.19 0.277 0.000 92.32 19.45 57 3 0 0.771 0.777

Cuenca del Rio

Banano VI Protective Zone 1679 707 286 111.53 0.408 0.010 96.37 9.46 110 -859 0 0.761 0.821

Cuenca del Rio

Tuis Vi Protective Zone | 2000 | 1428 260 49.03 0.051 0.000 91.93 8.42 198 -400 0 0.857 0.795

Cueva del

Murciélago National

(privado) NR Wildlife Refuge 248 153 59 1.17 0.000 | 0.000 95.2 5.16 0 -1 0 0.851 0.897
National

Curi Cancha v Wildlife Refuge | 1674 | 1532 47 0.9 0.000 | 0.000 92.91 6.15 0 0.843 0.874
National

Curu (estatal) I\ Wildlife Refuge 206 64 50 1.28 | 0.000 | 0.001 7424 | 35.66 3 -29 0 0.661 0.719

De San Vito NR Wetland 993 981 4 0.24 | 0.037 0.000 64.42 29.46 46 38 0 0.724 | 0.697

Diria NR National Park 973 430 174 65.24 | 0.396 | 0.032 82.77 21.39 29 -59 26 0.767 0.816

Donald Peter National

Hayes (privado) v Wildlife Refuge 483 392 39 2,58 | 0.000 | 0.000 94.55 9.47 152 95 0 0.779 0.830

Dr.Archie Carr National

(estatal) v Wildlife Refuge 19 10 5 0.58 | 0.005 | 0.000 50.27 | 45.29 0 -9 0 0.514 | 0.442
National

Duaru (privado) NR Wildlife Refuge 73 47 8 435 | 0.430 | 0.006 4081 | 41.11 56 16 2 0.674 | 0.635

El Chayote Vi Protective Zone | 2189 | 1942 128 9.26 0.007 0.006 63.89 38.82 79 41 0 0.707 0.730

El Rodeo Vi Protective Zone | 1259 860 157 25.34 | 0.400 | 0.007 77.05 31.02 705 575 5 0.682 0.710

Estacion Exp.

Horizontes NR Other Reserve 212 203 8 87.52 0.548 1.613 39.7 26.42 331 -576 46 0.588 0.658

Estero Puntarenas

y manglares NR Wetland 36 9 7 62.82 0.599 0.010 58.19 | 44.29 | 1991 -640 26 0.540 0.571

Fernando Castro National

C. (mixto) v Wildlife Refuge | 1028 464 227 17.34 | 0.455 | 0.002 94.45 12.48 27 -27 1 0.768 0.880

Finca Baru del National

Pacifico (mixto) v Wildlife Refuge 320 76 73 4.27 0.032 0.036 93.26 17.55 107 53 0 0.755 0.787

Finca Hda. La

Avellana National

(privado) v Wildlife Refuge 189 90 43 6.23 0.297 0.213 53.59 35.32 6 -134 8 0.635 0.638

Forestal Golfito National

S.A. (privado) [\ Wildlife Refuge 381 173 82 1.09 0.015 | 0.004 90.67 19.38 2 1 1 0.778 0.794
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Ramsar Site,

Wetland of

Gandoca- International

Manzanillo NR Importance 130 44 26 74.91 | 0.266 | 0.053 68.96 44.2 986 -266 1 0.588 | 0.576

Gandoca-

Manzanillo National

(mixto) v Wildlife Refuge 200 16 28 129.7 | 0.818 | 0.090 2354 | 41.46 993 -386 0 0.203 | 0.198
National

Golfito (mixto) v Wildlife Refuge 476 172 98 3395 | 0.042 | 0.006 94 | 16.05 | 2832 2673 0 0.766 | 0.812

Golfo Dulce Vi Forest Reserve 653 194 120 | 713.59 | 11.374 | 4.838 90.81 | 20.92 | 1345 -1280 35 0.753 | 0.763

Grecia Vi Forest Reserve 2351 | 1900 191 27.61 | 0.023 | 0.006 84.93 24 300 -396 0 0.805 | 0.854

Guanacaste 1l National Park 263 230 26 | 404.12 | 3.781 | 0.435 69.34 | 3215 | 3460 -995 50 0.706 | 0.735

Hacienda Copano National

(privado) v Wildlife Refuge 297 172 46 3.12 | 0.069 | 0.008 91.63 15.51 9 -21 1 0.724 | 0.736
Biological

Hitoy Cerere la Reserve 735 443 178 | 118.76 | 0.527 | 0.008 97.63 5.34 76 -510 0 0.841 | 0.835
Ramsar Site,
Wetland of

Humedal Caribe International

Noreste NR Importance 100 17 11 | 870.36 | 10.365 | 0.131 91.6 | 2053 | 7158 351 4 0.721 | 0.756
National

Iguanita (estatal) v Wildlife Refuge 121 33 29 1.36 | 0.001 | 0.000 75.81 | 23.96 0 -3 2 0.763 | 0.808

Internacional La

Amistad 1l National Park 3272 | 1427 798 | 2357.86 | 2.983 | 0.334 92.17 5.85 | 10473 -1266 7 0.834 | 0.861

Isla Chora National

(estatal) NR Wildlife Refuge 1 0 0 0.06 | 0.000 | 0.000 46.09 | 42.69 0 0.516 | 0.504
Biological

Isla del Cafo la Reserve 116 4 18 65.81 | 0.006 | 0.000 483 | 20.72 0 0 0.044 | 0.045

Isla del Coco 1l National Park 1808.19 | 0.000 | 0.000 0 0 0 0.000 | 0.000
Biological

Isla Guayabo la Reserve 44 19 11 0.09 | 0.000 | 0.000 5.87 18.79 0 -1 0 0.279 | 0.308
Biological

Isla Pajaros la Reserve 0 0 0 0.06 | 0.000 | 0.000 7 19.85 63 0.298 | 0.407

Isla San Lucas National

(estatal) NR Wildlife Refuge 105 20 26 11.27 | 0.125 | 0.070 3155 | 39.42 13 -147 0 0.322 | 0.322
Biological

Islas Negritos la Reserve 101 30 33 1.81 | 0.003 | 0.000 4562 | 47.28 0 -3 0 0.392 | 0.419

Jaguarundi National

(privado) v Wildlife Refuge | 2168 | 2069 42 1.59 | 0.000 | 0.000 91.16 3.8 51 46 0 0.799 | 0.872

Jardines de la

Catarata National

(privado) NR Wildlife Refuge | 1542 | 1492 25 0.34 | 0.002 | 0.000 86.48 | 20.87 1 0 0 0.794 | 0.832
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Joseph Steve

Friedman National

(privado) v Wildlife Refuge | 2371 | 2307 30 0.28 | 0.000 | 0.000 89.96 1.81 2 -59 0 0.861 | 0.855

Juan Castro

Blanco 1l National Park 2318 | 1486 417 171.4 | 0.306 | 0.069 91.7 | 14.04 | 1359 -607 0 0.775 | 0.890

La Cangreja NR National Park 1295 713 231 30.13 | 0.644 | 0.002 8354 | 27.91 185 163 2 0.761 | 0.836

La Ceiba National

(privado) v Wildlife Refuge 557 240 104 3.35 | 0.015 | 0.001 91.59 9.84 4 -91 1 0.755 | 0.845

La Ensenada National

(mixto) v Wildlife Refuge 135 28 27 5.95 | 0.149 | 0.014 545 | 38.23 29 -120 3 0.639 | 0.640

La Marta National

(privado) v Wildlife Refuge | 1953 | 1305 321 16.11 | 0.001 | 0.000 93.33 3.79 270 37 0 0.872 | 0.790

La Nicoyana ( National

privado) NR Wildlife Refuge 151 88 26 0.47 | 0.006 | 0.000 91.59 9.75 2 -5 0 0.765 | 0.756

La Selva VI Protective Zone 882 176 195 29.86 | 0.160 | 0.132 93.95 | 17.62 284 88 0 0.725 | 0.820

La Tirimbina National

(privado) NR Wildlife Refuge 233 192 16 3.59 | 0.005 | 0.000 97.46 7.8 33 -69 0 0.800 | 0.873

Lacustrino

Bonilla-Bonillita | NR Wetland 462 390 25 0.64 | 0.019 | 0.003 278 | 43.14 8 -34 0 0.236 | 0.222

Lacustrino

Pejeperrito NR Wetland 53 6 9 0.84 | 0.000 | 0.000 35.76 | 45.43 2 0 0 0.366 | 0.353

Laguna Las National

Camelias (estatal) | IV Wildlife Refuge 53 45 2 0.74 | 0.055 | 0.005 81.29 | 2261 2 -43 0 0.610 | 0.713

Laguna Madrigal | NR Wetland 23 10 5 0.64 | 0.162 | 0.000 50.91 | 40.86 0 -11 3 0.689 | 0.510

Lagunazul National

(privado) NR Wildlife Refuge 97 36 20 0.2 | 0.000 | 0.000 7415 | 39.86 0 0.616 | 0.623

Lapa Rios Conservation

Reserve Ib Easement 366 212 78 481 | 0.015| 0.002 92.91 14.7 0 0.798 | 0.723

Las Baulas de

Guanacaste 1l National Park 217 1 10 | 323.82 0.039 0.011 1.48 11.04 43 -41 5 0.016 0.017

Las Tablas Vi Protective Zone | 2304 | 1161 805 | 237.28 0.162 0.001 93.28 6.07 1102 462 2 0.852 0.871

Limoncito National

(mixto) v Wildlife Refuge 28 10 5 13.25 | 1.418 | 0.049 92.47 18.2 230 -590 2 0.757 | 0.747
Biological

Lomas Barbudal | la Reserve 186 121 32 31.72 | 0593 | 0.059 61.8 | 2157 76 -277 18 0.670 | 0.669

Los Quetzales NR National Park 3143 | 2686 318 4953 | 0.025 | 0.008 89.37 8.1 705 -1667 1 0.849 | 0.903

Los Santos VI Forest Reserve 3484 | 1778 697 | 666.72 | 8.681 | 0.722 85.85 22.7 | 4659 878 11 0.784 | 0.820

Manglar Térraba-

Sierpe NR Wetland 142 11 10 3235 | 2298 | 0.738 66.45 | 40.68 534 -1398 32 0.587 | 0.590

Manuel Antonio 1 National Park 168 0 5 | 1496.34 0.407 0.306 1.08 10.02 252 69 7 0.010 0.010

Magquenque National

(mixto) NR Wildlife Refuge 381 83 59 | 626.27 | 19.923 | 1.063 90.55 | 21.32 | 4554 413 11 0.723 | 0.817

147




Marino Ballena 1l National Park 64 0 3 64.13 | 0.006 | 0.014 1.32 10.86 93 12 0 0.012 | 0.012
Marino Playa
Blanca NR Wetland 94 29 28 0.14 | 0.001 | 0.000 2415 | 37.24 0 0.303 | 0.255
Mata Redonda National
(estatal) v Wildlife Refuge 13 3 2 4.62 | 0.066 | 0.002 3.79 13.86 15 -46 5 0.500 | 0.557
Miravalles Vi Protective Zone | 2011 | 1100 313 | 139.58 0.840 | 0.151 79.61 29.95 249 -97 8 0.778 0.753
Montafia El Tigre National
(privado) NR Wildlife Refuge 519 413 42 344 | 0.003 | 0.000 93.02 17.79 14 -19 4 0.753 | 0.795
Monte Alto NR Protective Zone 881 618 104 11.08 0.113 0.023 74.31 33.38 133 -114 2 0.726 0.797
Montes de Oro VI Protective Zone 1486 1155 188 22.32 0.224 0.003 74.4 34.89 28 -19 2 0.731 0.772
Monumento Nal.
Guayabo NR Other Reserve 1307 | 1149 90 2.85 | 0.019 | 0.000 78.26 | 31.76 64 -55 0 0.746 | 0.782
Nacional Cariari NR Wetland 31 7 5 12.96 0.121 0.001 57.06 44.71 85 -23 0 0.541 0.532
Nicolas Wessberg | NR Nature Reserve 131 61 36 0.77 | 0.000 | 0.000 82.97 | 35.09 0 0.743 | 0.741
No protegida NR NR 40 16 11 0.5 | 0.008 | 0.001 4555 | 35.29 328 -859 0 0.493 | 0.484
National
Nogal (privado) NR Wildlife Refuge 68 48 8 1.43 | 0.039 | 0.001 63.94 | 41.19 15 12 0 0.502 | 0.545
National
Osa (mixto) NR Wildlife Refuge 382 166 92 2097 | 0.126 | 0.060 94.12 12.71 63 -109 1 0.751 | 0.739
National
Ostional (estatal) | IV Wildlife Refuge 90 1 4 102.3 | 0.028 | 0.032 3.04 | 16.18 48 -846 3 0.034 | 0.034
Pacuare-Matina VI Forest Reserve 24 14 4 5.78 0.003 0.000 94,17 20.99 131 -6 0 0.807 0.856
Ramsar Site,
Wetland of
International
Palo Verde NR Importance 206 13 17 | 212.19 1.335 | 0.590 4193 | 38.42 633 54 64 0.758 | 0.729
Palo Verde 1l National Park 266 21 30 | 219.42 1.218 | 0.590 4193 | 38.42 97 -2355 90 0.611 | 0.593
Palustrino Corral
de Piedra NR Wetland 35 6 4 29.06 | 0.020 | 0.002 11.01 | 26.75 186 -201 10 0.611 | 0.593
Palustrino Lag.
del Paraguas NR Wetland 1465 | 1438 12 0.62 | 0.005 | 0.000 5721 | 35.72 34 18 0 0.397 | 0.458
National
Paramo (pivado) NR Wildlife Refuge | 2931 | 2436 262 6.89 | 0.006 | 0.002 88.8 11.74 1 28 0 0.667 | 0.681
Parque Natural
Recreativo de
Liberia NR Other Reserve 148 145 1 0.14 | 0.000 | 0.000 1537 | 24.34 1 0.519 | 0.519
National
Pejeperro (mixto) | NR Wildlife Refuge 33 8 6 7.23 | 0.133 | 0.022 457 | 46.82 30 26 3 0.708 | 0.721
Pefias Blancas National
(mixto) v Wildlife Refuge | 1511 | 1096 254 289 | 0.495 | 0.002 62.32 | 40.64 652 -6 0 0.578 | 0.619
Peninsula de
Nicoya VI Protective Zone | 1014 321 149 | 256.65 | 3.816 | 0.851 80.8 | 25.65 | 1740 -1759 46 0.744 | 0.812
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Piedras Blancas 1l National Park 576 183 140 | 180.23 | 0.352 | 0.581 87.07 | 30.03 740 288 0.701 | 0.741
National

Portal6n (mixto) v Wildlife Refuge 307 64 68 5.63 | 0.177 | 0.083 81.85 | 32.64 232 167 0.734 | 0.739

Preciosa

Platanares National

(mixto) NR Wildlife Refuge 32 9 7 2.83 | 0.040 | 0.016 69.79 | 38.67 52 37 0.648 | 0.666

Punta Leona ( National

privado) v Wildlife Refuge 146 104 17 045 | 0.021 | 0.004 77.69 | 33.13 4 0 0.718 | 0.838

Punta Rio Claro National

(mixto) v Wildlife Refuge 145 86 34 3.99 | 0.015 | 0.004 92.41 | 20.27 3 1 0.752 | 0.784

Pya Hermosa -Pta National

Mala (estatal) NR Wildlife Refuge 63 1 5 33,56 | 0.018 | 0.007 8.16 | 26.21 29 -96 0.078 | 0.076

Quebrada Rosario | VI Protective Zone | 2078 | 1985 43 0.38 | 0.006 | 0.000 82.1 | 30.06 0.810 | 0.834
National

Quillotro (mixto) | NR Wildlife Refuge 140 86 44 0.98 | 0.023 | 0.000 82.19 35.2 3 1 0.643 | 0.692

Quitirrisi VI Protective Zone | 1239 | 1068 94 1.38 | 0.007 | 0.000 86.96 | 20.34 0 0 0.706 | 0.782

Rancho La National

Merced (mixto) \Y Wildlife Refuge 249 40 45 5.02 | 0.053 | 0.038 84.39 | 31.03 89 42 0.711 | 0.723

Rancho Mastatal National

(privado) NR Wildlife Refuge 356 293 35 1.02 | 0.003 | 0.000 96.65 3.15 27 23 0.828 | 0.892

RHR Bancas National

(privado) v Wildlife Refuge 278 175 50 0.78 | 0.000 | 0.000 96.01 2.96 45 -13 0.620 | 0.588

Riberino Zapandi | NR Wetland 114 33 18 9.26 | 0.046 | 0.005 44,03 325 202 8 0.806 | 0.797

Rincon de la

Vieja 1l National Park 168.78 1.140 | 0.050 86.69 | 21.72 350 129 0.665 | 0.627

Rio Cafias NR Wetland 103 20 9 8.01 | 0.094 | 0.010 4229 | 33.25 74 -2540 0.829 | 0.833

Rio Dantas National

(privado) NR Wildlife Refuge 318 253 41 1.19 | 0.004 | 0.000 98.6 6.64 12 -1505 0.790 | 0.791

Rio Grande VI Protective Zone | 1266 951 106 18.1 | 0.722 | 0.014 59.98 | 34.47 201 -1 0.020 | 0.012

Rio Macho VI Forest Reserve 3159 | 1622 884 | 270.83 1.384 | 0.031 92.07 9.92 949 -70 0.772 | 0.786

Rio Navarro-Rio

Sombrero VI Protective Zone | 2361 | 1758 214 76.75 | 0.683 | 0.109 81.12 | 26.51 683 -6 0.761 | 0.802
National

Rio Oro (estatal) NR Wildlife Refuge 19 0 2 21.15 | 0.004 | 0.012 1.51 11.53 16 -868 0.777 | 0.757

Rio Pacuare VI Forest Reserve 989 423 159 157.34 2.824 0.042 93.87 17.93 740 237 0.743 0.834

Rio Piro National

(privado) NR Wildlife Refuge 197 120 31 0.41 | 0.002 | 0.001 97.16 5.78 2 38 0.804 | 0.837

Rio Tiribi VI Protective Zone | 2193 | 1877 146 8.48 | 0.090 | 0.002 7738 | 31.36 113 -13 0.543 | 0.668

Rio Toro Vi Protective Zone 2339 1810 173 52.96 0.158 0.195 76.7 32.16 1374 24 0.802 0.835
National

Romelia (mixto) NR Wildlife Refuge 125 51 34 2.89 | 0.014 | 0.010 75.37 | 40.64 52 -4 0.619 | 0.666
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National

Saimiri (mixto) NR Wildlife Refuge 231 83 49 1.62 | 0.001 | 0.002 96.86 6.7 3 1 0 0.776 | 0.766
Santa Rosa 1l National Park 202 0 1| 1021.09 | 3.812 | 0.482 243 | 3512 | 3231 -1186 57 0.271 | 0.284
Santuario Ecolog National
(privado) NR Wildlife Refuge 367 142 90 4,05 | 0.033 | 0.005 94.74 14.4 2 0 0 0.740 | 0.806
Surtubal National
(privado) NR Wildlife Refuge | 1364 | 1021 173 1.47 | 0.045 | 0.000 95.37 5.27 0 0 0 0.778 | 0.874
Taboga \1 Forest Reserve 136 45 28 3.64 | 0.006 | 0.007 73.87 26.8 15 -14 6 0.696 | 0.736
Talamanca
Range-La
Amistad Reserves
/ La Amistad World Heritage
National Park NA Site 3803 | 1300 | 1063 | 6855.7 | 16.797 | 0.263 92.75 8.01 | 9866 -189 12 0.827 | 0.861
Ramsar Site,
Wetland of
International
Tamarindo NR Importance 26 11 4 535 | 0.040 | 0.007 61.3 | 36.57 20 -174 1 0.639 | 0.668
Tapanti-Macizo
Cerro la Muerte NR National Park 3341 | 1952 799 | 694.82 | 0.248 | 0.009 90.36 5.22 | 6357 -5626 0 0.825 | 0.861
Tenorio VI Protective Zone 1215 818 154 67.6 0.542 0.023 85.7 25.16 1077 411 0 0.699 0.725
Tivives Vi Protected Zone 191 63 52 29.83 | 1.025 | 0.123 59.6 37.2 922 -7019 17 0.675 | 0.690
Tortuguero Vi Protective Zone 47 20 6 67.37 1.809 | 0.012 4.28 194 380 162 0 0.041 | 0.043
Tortuguero 1l National Park 316 11 28 | 94473 | 0.455 | 0.012 4.28 19.4 199 -167 1 0.041 | 0.043
Transilvania National
(privado) VI Wildlife Refuge 407 246 78 0.81 | 0.004 | 0.000 93.22 16.09 1 0 0 0.807 | 0.777
Volcén Irazl 1l National Park 3429 | 3010 227 2407 | 0.058 | 0.127 76.84 | 28.75 502 208 0 0.663 | 0.739
Volcéan Poas 1l National Park 2706 | 2092 361 7859 | 0.476 | 0.127 84.18 | 24.18 | 1543 703 0 0.775 | 0.797
Volcéan Tenorio 1l National Park 1908 872 318 | 154.63 1.168 | 0.050 90.59 16.43 | 2950 1918 0 0.754 | 0.744
Volcéan Turrialba | Ib National Park 3318 | 2927 181 15.03 | 2.666 | 0.012 7292 | 30.68 366 -583 0 0.698 | 0.545
Werner Sauter National
(mixto) VI Wildlife Refuge 199 98 28 231 | 0.024 | 0.000 91.44 | 19.62 3 -16 1 0.796 | 0.818
Zona Emerg Volc
Arenal Vi Forest Reserve 603 503 43 2.89 | 0.088 | 0.000 7438 | 35.56 484 208 1 0.695 | 0.735
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